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SUMMARY
This dissertation presents experimental data pertaining to hard lateral impacts on plates.
An  experimental  program was  conducted  to  study the  behavior  of  steel-cementitious
composite sandwich plates under low velocity impact.  Initiation of the punching mode of
failure was examined adopting a specially designed frame that minimized the bending of
the specimen. A 40 kg drop hammer, with a hemispherical head, under free fall from a
drop height of 4 meters, was used to create the impact. A set of 300mm x 300mm square
plates was used as test specimens and were subjected to lateral impact at their center. The
results  showed large permanent deformations in  the steel  cover plates  but  no fracture.
Middle plates of normal and high strength concrete cracked into pieces under this kind of
impact. Introduction of a ferrocement or SIFCON layer to the middle plate reduced the
steel strains and also prevented disintegration of the middle plate. Use of a ferrocement or
SIFCON middle  plate  further  reduced  the  steel  strains  and  the  dent  depths.  All  the
specimens exhibited a typical strain time profile at the bottom surface of the bottom steel
plate. The strain increased to a peak value within the first millisecond after the impact and
then recovered partially to settle at a residual value within the next two milliseconds. 
A FEM was calibrated based on experimental data. The material model for steel
was built to incorporate the strain rate effect. The model was then used to compute strains
and  other  parameters  for  steel  plates  when  subjected  to  the  impact  conducted  in  the
experiments. Finite element modeling of steel plates helped to confirm some of the trends
observed in the experiments. Both the peak strain and the recovery from the peak strain
were seen to be a decreasing functions of the plate thickness.
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NOMENCLATURE
t   steel plate thickness (millimeters))
c   time to peak for central strains (milliseconds)
d  depth of dent on steel plate (millimeters)
E   Young’s elastic modulus of steel
Ys   Yield stress of steel
p    Peak strain
r    Residual strain
c    Strain rate
pt   Peak tensile stress during impact
fr     Peak reaction force 
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The resistance of a material to failure under load depends among many factors, on
the manner of application of the load. Three types of loading are normally recognized
based  on  the  method  of  application;  static  loading  (short  term,  slow  and  sustained),
repeated or fatigue loading, and impact loading. Impact loads are loads that are applied
suddenly or with shock normally leading to much higher strain rates than otherwise in the
impacted body. An important characteristic of impact is the generation of relatively large
stresses at the vicinity of contact for a very short period of time. 
It has  been well  known for  years that  materials  do not  behave under  dynamic
conditions as they do under static loading [1]. The behavior under impulsive loading is
complex and obscure and has not been extensively investigated. The study of material
behavior under such impact loading is of specific importance to structures that might be
subjected  to  blast  or  impact  loading.  Examples  of  these  include  defence  shelters,
ammunition bunkers,  firing ranges,  tunnels,  structure to  shield mountain  roads against
falling rock sheds, or marine structure shields  meant for mitigating impacts caused by
ships. Structures where impact effects are important also include nuclear power plants,
containment structures for hazardous materials like chemicals, gas storage chambers, oil
platforms  etc.  Some  examples  of  impact  loading  on  concrete  structures  have  been
compiled by Struck and Voggenreiter [2].
Dynamic loading by itself is still a diverse category. Blast loads, fragments that inflict
penetrative  loading,  hard  impact  that  leads  to  elastic  vibrations,  impacts  leading  to
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permanent  deformations  all  are  different  types of  dynamic loading and each  of  them
results in a different material or structural response. Naturally such impact response would
depend on whether the material subjected to the impact remains within the elastic zone or
extends into the plastic or fracture zone. On the other hand, hard impact inflicted by an
object on a structure that is much larger than the impacting object is a specific subcategory
of dynamic loads that results  in structural response quite different from other dynamic
loads like earthquakes because of its local effect. Such local impacts of a small object on
to a big structure are further divided into two types depending on the relative size and
velocity of the impacting object. A smaller object with higher velocities would normally
cause penetration in a ductile target.  A relatively bigger object  with a slower velocity
would lead to deformation that would normally extend into the plastic zone for a ductile
material, or fracture for a brittle material.
Design of structures to resist impact loading concentrates on two issues. One is to address
the structure as a whole. Studies in this direction concentrate on the structural vibrations
and  frequencys response  to  try  and  minimize  the  possibility  of  a  collapse  under  the
expected dynamic load. Another field of study concentrates on material behavior under
impact loads. Elastic materials like steel are known to have a high fracture toughness and
therefore high levels  of resistance against impact  loads.  Brittle  materials like concrete
offer very little resistance to impact  loads,  yet inclusion of randomly oriented discrete
discontinuous  fibres  improves  many  of  its  engineering  properties,  especially  against
impact or abrasive loading. The concept of using fibres for such purposes is an old one and
has been reported to be in existence for 3500 years [3]. Use of natural fibres, namely coir,
cellulose, sisal, jute, etc. for structural purposes in concrete have been studied extensively.
However due to concerns of their durability, most  recent research has concentrated on
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metallic and polymer fibres. An overview of fibre reinforced cement concrete technology,
mechanics of behavior, testing and performance, and applications in the past 30 years has
been documented by Zolo [4].
Fibres are grouped into two categories: low modulus of elasticity and high modulus of
elasticity. Synthetic fibres like nylon and other polymer based fibres belong to the first
category and steel, glass, carbon fibres fall in the second category. No significant increase
to compressive strength due to the use of any of these fibres has been reported. However
significant alterations of other properties like toughness and resistance to impact has been
recognized with the use of fibres within an otherwise brittle matrix of cement sand and
aggregates. Applications in which fibres are used primarily for the purpose of augmenting
the  integrity of  the  matrix  are  much  more  common than  applications  where they are
required to act as significant load carrying components. 
Often a layer of steel is used to protect a concrete structure from direct impact. This helps
in preventing chipping off of the concrete or fibre composite interior. Such measures are
adopted most commonly in blast doors, or in marine structures where the piers are likely to
be regularly subjected to impact by ships. However the resistance offered by the concrete
to the impact is still  of importance. The steel only offers a protective layer to prevent
chipping. A scheme of sandwiching concrete between two steel plates is used extensively
for doors designed to resist blast loads. The steel is often used to take the bending load
inflicted during the impact.
1.2 Objective of research
This thesis addresses the issue of a hard impact at low velocities by a relatively large
object on sandwich plates made of two steel plates clamped to a cementitious composite
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core.  The objective is to focus on the local denting effect of such an impact and eliminate
the bending effects. The performance of plates when various composites are used as the
middle plates in the sandwich system is studied. The effects of section geometry as well as
middle plate material composition are considered. Indentation of the solid steel plates is
adopted as a reference criterion for comparison of different cases.  The expectation is that
such a study will assist in developing an understanding of indentation of blast doors or
similar  structures  possibly  caused  by  accidental  collisions  with  heavy  objects,  by
secondary fragments following an explosion, or by large shear forces generated under blast
loading  at  edges,  hinges  and  locks  [5].  The  study  would  also  prove  useful  for  any
structural system when sandwich plates are used for protection against dynamic loading.
At a general level this study is expected to advance the understanding of material response
to dynamic loads and contribute to the literature which hopefully would lead to guidelines
for designing for dynamic loading.
The performance of plates when various composites are used as the middle plates
in the sandwich system is also studied based on the tests that has been designed. The
effects of section geometry as well as middle plate material composition are considered.
Indentation of the solid steel plates is adopted as a reference criterion for comparison of
different  cases.  The  expectation  is  that  such  a  study  will  assist  in  developing  an
understanding  of  indentation  of  blast  doors  or  similar  structures  possibly  caused  by
accidental collisions with heavy objects, by secondary fragments following an explosion,
or by large shear forces generated under blast loading at edges, hinges and locks [5]. The
study would also prove useful for any structural system when sandwich plates are used for
protection against dynamic loading. At a general level this study is expected to advance
the understanding of material response to dynamic loads and contribute to the literature by
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designing a testing method to quantitatively measure and compare performances of plates
under a punching impact. Eventually this would hopefully lead to guidelines for designing
for dynamic loading.
1.3 Scope of research 
The scope of loading considered is that of a hard local punch by a rigid object on a plate.
The damage inflicted  would  deform the  material  well  into  the  plastic  zone  leaving a
permanent deformation. Fracture, tearing and penetration however are not addressed. The
deformation  is  examined  both  analytically and experimentally in  terms  of  strain  time
response  and  permanent  deformation  as  manifested  by dents.  The  experimental  work
involved impact caused by a drop hammer and studying of deformation response when
different cementitious materials are adopted for the middle plate. Analytical investigations
are conducted by a finite element analysis.
1.4 Organization of thesis
In Chapter 1, a general introduction is provided that zooms in to the specific area of
research  addressed  in  this  thesis,  that  of  a  particular  subcategory  of  the  general
phenomenon of impact. An introduction is also provided on the use of fibres to improve
toughness of brittle materials. Finally the objective of this research and the scope of study
are detailed.
Chapter 2 presents a detailed literature survey that summarizes past work done in relevant
fields in impact and material research. 
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In Chapter 3, a material study conducted is briefly described. This study involved a set of
cementitious materials which were cast and tested in the laboratory. A limited collection
of materials were chosen for use as middle plates for impact testing. The apparatus and the
method of testing adopted along with the list of specimens tested are presented in detail.
In Chapter 4, the results of the experiments are discussed. Certain trends are identified
and comments are made on the plausible explanations for these trends. Certain anomalies
that could not be explained have also been identified. 
In Chapter 5 the finite element analysis conducted for studying the impact problem
analytically is introduced. The steps taken to validate the model and arrive at a scheme that
best matches the experimental observations are described in detail. 
Chapter 6 provides a comparison of the experimental observations and the analytical
simulation. Finally this chapter takes a look at the behavior of certain other parameters like
the stress in the steel cover plate as predicted by the computational analysis.
Chapter 7 concludes the main findings of the study and lists further work that
could be carried out to further advance the knowledge addressed in this thesis.
6




This study focuses on hard impact on sandwich plates made of cementitious composites
sandwiched  between  steel  plates.  The  resulting  response  is  one  that  accompanies
reasonably high strain rates. The behavior of both steel cover plates and the cementitious
middle plates are studied. Steel stressed under such impacts would normally progress to
the plastic zone and no cracks will result. The cementitious middle plate, however, would
crack and normally the failure is  brittle  in  nature.  The literature surveyed accordingly
focuses on the plastic behavior of steel and the fracture of cementitious composites. The
type of impact is also very specific, that of a hard projectile inflicting a dent on a plate.
The literature presented here also covers a comprehensive survey of impact tests used and
reported so  far.  This  chapter  is  therefore subdivided  into  three  sections:  impact  tests,
response of cementitious composites, and response of steel.
2.2 Dynamic testing
Impact maybe classified as soft or hard based on the deformation characteristics of the
projectile  used.  When  the  projectile  deformability  is  large  compared  to  the  target
deformability the impact is known as a soft impact, and if the projectile deformability is
relatively small it is known as a hard impact. Projectile deformation in a soft impact would
consume some energy and hence would result in diminished local damage of the target. 
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Impact can either be a low or high velocity impact based on the velocity of the projectile.
Projectile velocities less than 25 m/s may generally be considered as low velocity impact.
Along the same classifications of impact  we have a  penetrative and a non penetrative
impact. Typically penetration is directly related to both the velocity of the impact and the
properties of the target material. While a brittle material like concrete can be subjected to
penetrative impact even by a low velocity projectile, a ductile material like steel would not
be penetrated by such impacts.
There is at present no generally accepted method for evaluating the impact properties of
concrete structures  for  design,  either  from a material  or  structural  point  of  view.  The
equivalent static load approach is the most commonly accepted, as structural designers are
accustomed to this method. But it is recognized and accepted that due to different material
behavior  at  different  strain  rates,  a  rational  design  approach  for  impact  loading  is
desirable. Therefore in attempts to address the issues associated with impact loading of
materials, many studies have been undertaken. Different tests like the drop weight test,
Charpy test, swinging pendulum test, explosive test and split Hopkinson bar test have been
developed to study impacts and impulsive loads.
The early history of impact tests and some of the improvements in procedures that have
occurred over time are recounted in [6]. Over the years researchers have realized that the
results obtained from an impact test can depend strongly upon the size and geometry of the
specimen and the striker and to a lesser degree on the velocity and energy lost  to the
testing machine and elsewhere. The earliest publication on impact loading reported is a
theoretical discussion by Tredgold in 1824 on the ability of cast iron to resist impulsive
forces [7]. In 1849 the British formed a commission to study the use of iron in the railroad
industry and began considering practical approaches  of impact  testing [8].  During this
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study researchers speculated that impact loads affected material far differently than static
loads  and  therefore  tensile  strength  data  were a  poor  predictor  of  performance  under
dynamic loads. In 1857 Rodman devised a drop-weight machine for characterization of
gun steels. However instrumentation was very poor in those days and the data were often
limited to observations of “break” or “no break” for a standard mass dropped from a fixed
height. Ductile materials often however, would only bend under such loads and would not
fracture.  LeChatalier  introduced  the  use  of  notched  specimens  while  conducting  drop
weight tests in 1892 [9]. A report by Russell,  1898, introduced for the first time some
quantitative measurements into the tests [10]. His report shows a test machine that is based
on the same swinging pendulum concept as those commonly in use today and mentions a
careful analysis of the mechanics of the test, including correction for friction losses and
calculation and comparisons of the centers of gravity and percussion. In 1905 Charpy had
proposed  a  machine  design  which  is  remarkably  similar  to  present  designs  and  the
literature contains the first reference to ‘the Charpy test’. However impact testing was not
a  common requirement in  construction standards  until  the recognition of  its  ability to
detect the ductile-to-brittle transition in steel. A large number of ship failures during the
World  War  2  provided the  single  greatest  impetus  towards  implementation  of  impact
testing in fabrication standards.
2.2.1 Impact testing techniques
The Charpy test is the most commonly used impact test and it measures the impact
resistance of metallic materials. The specimens are standard specimens each having an
accurately formed notch and the energy for the impact is obtained by releasing a pendulum
from a known height. The specimen is supported at the bottom of the arc described by the
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pendulum,  as  a  beam.  When  the  pendulum  is  released  it  swings  down,  breaks  the
specimen, and rises on the upswing. The height to which the pendulum rises indicates the
residual energy in the pendulum, from which the energy required to break the specimen
can be approximated. However when tested by this method, specimens of same material
and of similar geometric proportions, but different size, will not provide equal values of
modulus of toughness, which is normally defined as energy per unit area of fracture. Thus
this test only supplies an index of material toughness but no measure of the toughness as a
fundamental property of the material. The specimen is placed in such a way that the root of
the notch is tested in tension. The Izod test, another similar test, mounts the specimen as a
cantilever instead of a beam.
Pendulum impact tests such as the Charpy and Izod tests are standardized in many
countries. Although these testing methods were established about a hundred years ago,
their  practical  usefulness  as  simple  methods  for  assessing  mechanical  properties  of
material under impact has scarcely deteriorated mainly because the tests can be conducted
easily  and  it  enables  useful  relative  characterization  of  materials.  Such  relative
characterization is often sufficient to compare a newly developed material in performance
against existing materials. However with continuous demands for materials which exhibit
higher performance under impact loading, critical or absolute characterization of materials
has  grown more and more important.  A new technique was developed by Kishimoto,
Inoue and Shibuya for measuring the impact force in the instrumented Charpy impact test.
This technique makes it possible to estimate the impact force between the striking edge of
the tip and the specimen from the measured response of the hammer. This removes the
effect  of  the   mechanical  vibration  of  the  hammer  on  the  output  of  the  sensor  [11].
Fracture toughness is often estimated from Charpy fracture energy by empirical correlation
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formulas, although the latter are known to be in general of poor accuracy and valid only
under restrictions. A mathematical relation between the fracture toughness and the Charpy
fracture energy has been proposed by Schindler [12].
The Charpy impact test, originally recommended for metals, has been employed to
evaluate  impact  performance  in  terms  of  energy  absorption  capacity  of  steel  fibre
reinforced concrete relative to unreinforced matrix [13]. Tests by simple drop weights and
swinging pendulums are used to ascertain the relative merits of different composites, but
these tests do not yield basic material characteristics that can be used for design. However
many modifications to the original Charpy test have been innovated. Instrumented impact
testing gives a better understanding of the impact process and provides quantitative data
that may be helpful in design.
The Split Hopkinson bar test enables determination of stress-strain responses in
compression and tension at high strain rates. The test was developed by Kolsky in 1949
[14]. The specimen located between two long bars, namely the incident and transmitter
bars, is held in this way to generate either a tensile or compressive stress pulse through the
specimen. The stress pulse is generated at the free end of the incident bar by an impacting
bullet  or  an  explosive  charge. The high strain  rate  behavior  of  cement  composites  in
uniaxial tension was studied using the split Hopkinson bar test by Reinhardt et al [15].
Compressive behavior was also investigated using this apparatus [16].
The drop weight test involves the dropping of a weight on a specimen typically from
successively increasing heights till the specimen fails. The energy absorbed in the failure
process is taken as the weight multiplied by the height of the final drop. Such a procedure
disregards the probable weakening effect of blows received prior to  final  failure. ACI
Committee  544  proposed  a  repeated  drop-weight  testing  apparatus  for  testing  FRC
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materials. In this test a 4.5 kg steel ball is dropped repeatedly from a height of 457 mm
onto a standard concrete specimen. The specimens are 63.4 mm thick with a diameter of
152 mm. The number of blows required to cause the first visible crack on the impact
surface and the ultimate failure of the disc specimen are recorded. This technique has been
used to  compare  relative  improvement  in  impact  resistance of  different  fibre concrete
mixes  [17].  This  empirical  method  has  slowly  been  replaced  with  sophisticated
instrumented methods. 
Hydraulic testing machines can be used to statically load specimens at high strain rates
with the aid of pumps and valves to increase the oil flow rate. Strain rates of up to 0.1 per
second had been achieved in this manner. A gas reservoir has been used to pressurize the
oil reservoir to achieve strain rates of 1 per second.
Impulsive testing of concrete slabs with a shock tube has been carried out in order to
analyze the  effect  of  free  water,  porosity  of  cement  paste  and  reinforcement  on  the
dynamic strength [18]. Rapid loading was reported to favor a shear mechanism leading to
failure prior to the static bending mechanism.
In recent years small specimen test techniques have been widely used for convenience.
Subsize specimens because of their smaller dimensions imply requirement of smaller load
magnitudes and higher frequencies of force oscillations [19]. A method for determining
the yield force of the specimen in the Charpy test  has been investigated using subsize
specimens. An iterative method is used to find the straight line, often called the Hooke’s
line, in the initial part of the force displacement curve [20].
While different impact techniques have been tried, the Charpy test and the Split
Hopkinson  bar  test  are  the  most  commonly used  ones.  However  both  these  tests  are
normally associated with the fracture of the specimen.  
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2.2.2 Fracture mechanics approach
In recent  years extensive  studies  have been carried out  in  the field  of  fracture
mechanics. Most studies in fracture mechanics arise from the Saint Venant’s Principle:
‘If  the loading on a small  part  of the boundary of an elastic  system, is  replaced by a
different loading which is statistically equivalent to the original loading, then the stress
distribution  in  the  system will  be  sensibly  changed only in  the  neighborhood  of  the
change; the stresses at a distance from the disturbance equal to the disturbance itself will
be changed by a few percent only.’
The study of fracture mechanics started with Griffith's work to understand the strength of
glass rods with different diameters. This matured into a structural design tool following
investigations of ship failures by Irwin in the 1960’s [21]. These methods involve attempts
to estimate the amount of energy required to propagate a standard crack in a specimen of
standard geometry. This involves experimental measurement of a parameter defined as the
critical stress intensity factor or fracture toughness of a material. However the effects of
material geometry have still not been incorporated within this value for fracture toughness
and therefore this value is still not a fundamental material property. ASTM standard E399
specifies the exact  specifications for the measurement of fracture toughness  using this
method. One major drawback with these tests is that they are static measures of fracture
toughness of a material. Experiments have established beyond doubt that under dynamic
loading, the energy absorption capacity of a material changes significantly.
Extending the study of the fracture toughness of materials into dynamic loading, the
Charpy test  has again been commonly used. The applicability of different methods for
determining the dynamic fracture toughness properties was studied by Lenkey [22]. It is
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reported therein that a loading rate of the order of 1 m/s has a significant effect on the
brittle-to-ductile  fracture  transition  behavior  of  high  strength  steel.  Series  of  similar
experiments  using  the  instrumented  Charpy test  have  been  carried  out  to  obtain  the
dynamic  fracture  toughness  of  materials.  Tests  different  from  the  Charpy  test,  and
specimens  of  different  geometries  have  been  tried  in  order  to  arrive  at  the  fracture
toughness under dynamic loading for different materials. 
However no standard testing technique has generally been accepted yet and neither
have standard values for static or dynamic fracture toughness of materials been established
as a fundamental property. The issue of the effect of geometry on the toughness value has
not  been  convincingly resolved  nor  has  the  issue  of  the  effect  of  strain  rate  on  the
toughness  of  the  material.  What  has  been  repeatedly reported  on  the  other  hand  are
qualitative findings such as the ability in the special case of steel fibre enriched materials
to absorb energy during impact  and also a  tendency to  exhibit  an increase in  fracture
toughness under higher strain rates by most materials.
 
2.2.3 Penetration tests
Another entirely different type of tests pertaining to impact or dynamic loading is of those
that involve penetration of a hard projectile through a relatively softer target. These are
tests  that  typically involve  a  relatively smaller  projectile  that  is  accelerated  to  a  high
velocity enabling it to penetrate either entirely or in part, through a target object. Such tests
are  relevant  for  studies  of  particle  penetration  of  interest  to  the  military,  typically
associated with an air blast, or for development of bullet proof materials. Penetration study
is also of importance in many other fields such as chemical industries where design of
structures need to take into account the possibility of an accidental explosion. Again no
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standard  tests  or  material  parameters  have  been  established  to  quantitatively measure
resistance to penetration. The number of variables in such studies are apparently too many
to be able to arrive at a fundamental material property. The size, velocity, shape, density,
and ductility of the projectile are among the many factors that  can affect the depth of
penetration into materials.
Typically such experiments involve hard steel projectiles with different nose shapes or
steel rods that penetrate targets. Response is normally categorized into three regions; first
where the projectile has only slight bulges and some shank bending, second where the
projectile  has  larger bulges  and third  where the  projectile  eroded and lost  mass  [23].
Normally the only parameter that is measured in such experiments is the penetration depth.
Penetration depth is known to increase with an increase in striking velocity to a point after
which  the  penetration  depth  reaches  a  plateau  [24].  Apart  from those  on  penetration
experiments, a large volume of written work is available on finite element modeling of
penetration. In general, the failure mode under such loads is known to be quite different
from  the  failure  when  subjected  to  non  penetrative  slow  hard  impact.  At  extreme
velocities, temperature effects are believed to be relevant to penetration.
2.2.4 Plastic shear or punching shear failure 
Literature available on studies that are specifically dealing with plastic response of the
target under impact loads is scarce. Most studies on impact as have been mentioned so far,
focus on crack propagation, or fracture or penetration. The experimental program for this
research work was expected to result in an intermediate form of impact which does not
result in fracture or penetration. Such an impact is not very common in normal impact
scenarios in life. However the relevance of such a study has been documented by military
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reports  that  mention  secondary fragments.  Fragments  are  typically classified  into  two
types;  primary  and  secondary  fragments.  Primary  fragments  generated  by  casings  or
containers which surround the explosive source, are small and of high velocity. They are
normally less than half a kilogram in weight but have velocities of a few thousand meters
per  second.  They  cause  damage  by  penetration  or  perforation.  Numerous  live  tests
worldwide on this kind of penetration have been conducted. Secondary fragments are from
artifacts or building components that happened to be in the vicinity of the explosion. They
are  large  and  relatively  heavier  but  much  slower  in  velocity.  These  fragments  cause
damage by non-penetrative impact. The extent of knowledge of the impact effects of this
kind of fragments is limited [25]. The damage under such loads is characterized by high
shear stresses and low bending stresses.  The damage is typically local  in  nature. Steel
frames and beams undergoing heavy shear deformation near the supports, and blast doors
failing due to shear failure at the edges or locks fall into this category of failure under
impact. A very concentrated blast targeted at one small region, or a very near field blast
would also inflict damage of this nature. Some literature targeting this kind of impact has
been surveyed.
As early as in 1973 Menkes and Opat conducted experimental investigation on dynamic
plastic  response  and  failure  of  fully  clamped  metal  beams  subjected  to  uniformly
distributed impulsive loading. They identified three basic failure modes: large inelastic
deformation (Mode1), tensile tearing (Mode 2), and transverse shear failure at the supports
(Mode  3)  [26].  A  rigid  plastic  analysis  was  later  carried  out  by Jones,  in  which  an
elementary failure criterion was adopted to estimate the threshold impulsive velocities at
the onset of the Mode 2 and Mode 3 failure [27]. A deep understanding of these three
basic  failure  modes  has  been  considered  to  be  of  fundamental  importance  to  failure
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analyses of various structures under intense dynamic loading. A recent paper by Yu and
Chen  [28]  explores  specifically the  plastic  shear  failure  mode  for  impulsively loaded
clamped beams which focus on two effects: the interaction between shear force and the
bending moment, and the weakening of the sliding sections during the failure process. A
comparison  of  threshold  velocities  derived  from  theoretical  calculations  with  actual
experimental  results  is  provided.  It  has  been  observed  that  while  Mode  2  (tearing
behavior) followed the large deflection of the beam, the Mode 3 (transverse shear failure)
was characterized by insignificant flexural deformation at most cross sections. Therefore
shear  failure  occurred at  the  supports  of  the  beam in  the  early stages  of  the  beam’s
response and generally exhibits a type of localized behavior, and the Mode 3 threshold
velocity did not seem to depend on the length of the beam. The paper goes on to express
the shear sliding at the supports as a function of the impulse velocity, yield stress, density
and thickness of the beam and based on this theoretical analysis they tried to predict the
threshold impulse velocities that could lead to different modes of failures. The work is
specific to metal beams, loaded by a uniform impulsive force all along the beam. However
the existence of a shear failure mode in the plastic  zone for metals,  which is  entirely
different from the bending mode of failure, and which could happen independently of the
bending mode of failure has been reported. A recent paper by Jones [29] gives further
insight into this problem of localized shear . Shear hinges, or localized transverse shear is
an  important  feature  of  deformation  of  transversely  loaded  rigid,  perfectly  plastic
structural elements.  These hinges are known to be formed either at  supports  or at  the
impact loading periphery in plates, beams and shells [30]. Within a shear hinge, both shear
rupture failure and adiabatic shear failure might occur depending on the loading rates and
intensities  as  well  as  the  thermo  visco-plastic  properties  of  the  material.  Structural
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elements impacted by a rigid mass may introduce more difficulties into analysis than an
impulsive pressure loading as impact might cause local indentation. It is well known that
the concept of a ballistic limit  to perforate a structural element is an important  design
parameter for  plate deformation and penetration.  Many models  in  the low to  medium
velocity range have been proposed to predict the ballistic limit of given plate material and
geometry based on various response and failure analyses [31][32].
The topic of lateral indentation of a metal plate by a sphere was explored analytically by
Simonsen and Lauridsen [33].  They compared experiments,  analytical theory and finite
element modeling to study the mechanics of lateral indentation of a rigid sphere into thin
ductile metal plates. One mm thick plates were used as target and complete penetration of
the projectile was normally achieved. Details of the procedure adopted for the load and
energy measurement  are  not  available  in  the  open  literature.  Analytical theories  were
derived using the von Mises yield locus and the power law for both rigid-plastic material
and strain hardening material. Axi-symmetric deformation was considered and the analysis
was also extended to non symmetric cases. The paper concluded that both theory and finite
element modeling could predict the load – displacement curves reasonably well up to the
point of fracture. However many assumptions about material behavior need to be made
before a theoretical analysis can be successfully conducted. The authors admit that there is
still  a  lack  of  fundamental  understanding  and  theoretical  prediction  capability  for
analyzing large plastic deformations in materials. This paper reports almost linear load
displacement curves until the point where failure occurs. 
Petalling of plates under impact loading has been another subject of interest [34].
Thin plates were struck by cylindro-conical projectiles. Similar deformation (petalling) has
been produced by a localized explosion on a plate. High circumferential strains induced in
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the target material caused radial  cracking and subsequent rotation of the affected plate
material resulting in a number of symmetrical petals. The experiments in this paper are
very similar in nature to the experiments considered in the present work, although in order
to explore perforation stronger impacts have been inflicted therein.
Similar low velocity experiments have also been conducted on concrete slabs. Due to the
brittle nature of concrete no local shear plastic hinge formation is exhibited. Penetration or
fracture are the two forms of failure that are observed. Yankelevsky [35] proposed a two
stage model involving a first stage penetration and a second stage punching shear which is
very similar to the action addressed in the present work. The punching shear reported in
his paper is very similar to the punching shear failure observed and reported in this thesis.
Khan [36]  has  also conducted  slow projectile  impact  on  a  variety of  fibre  reinforced
composites. Steel fibres were shown to increase the amount of energy absorbed from such
impact. In his tests some steel fibre composite slabs even resisted the drop hammer impact
without penetration or fracture showing an unusual response for a slab made purely of a
cementitious material.  This indicates not only an increase in the fracture energy of the
specimen but also an increased resistance to shear plug formation and scabbing. The use of
high strength concrete under such impact has also been explored by Yankelevsky [37].
Though high strength concrete was observed to increase the resistance against the dynamic
punching action, when failure does occur, relatively larger fragments get separated from
the plate. Fibres were again reported to have been extremely beneficial in resisting both
punching shear failure and scabbing.
Nurick Gelman and Marshall [38] conducted experiments on steel plates very similar to
the ones discussed in this thesis. This paper looks into the effect of boundary conditions on
the tearing mechanism for steel plates. Similar dent shapes for thin steel plates have also
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been reported in a paper [39] that described an attempt to arrive at a mathematical model
to predict the dent formation under a localized explosive charge. Thomas and Nurick [40]
had reported large inelastic mid point deformations for plates subjected to slow central
impact,  irrespective  of  the  boundary  conditions.  Shen  and  Jones  [41]  proposed  a
theoretical model to predict the permanent transverse deflections, examining the influence
of strain rate sensitivity, transverse shear force and plastic yielding.
Whereas many publications pertaining to slow impact are available, in contrast to the
present work most either involved direct impact on concrete plates, or did not isolate the
shear mode of failure, or concentrated on the study of perforation or fracture. 
2.3 Behavior of cementitious composites under impact
A drop weight apparatus to study the impact resistance of fibre reinforced concrete
notched beam samples has been developed [42],  using which the effect of mass,  drop
height, notch depth and span length had been studied. A conclusion arrived at had been
that fibre reinforced concrete required significantly more number of blows to cause failure.
Another series of tests using a drop-weight impact machine was carried out by Banthia
[43] and Mindess [44]. They used an instrumented machine capable of dropping a 345 kg
hammer from heights up to 3 m. They observed higher maximum loads and inertial effects
at  higher loading rates.  Fibre reinforced concrete  was  found to  be  stronger  and more
energy absorbent under impact than under static loading. It was found that the failure loads
were strain  rate  sensitive  and static  tests  could  not  be  used  as  predictions  of  energy
absorption under dynamic loading. However it was also established that fibre content can
markedly modify the strength and collapse mechanism with no major variation in the total
energy dissipated during the cracking process. 
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The effect of loading rate or strain rate on the pull-out response of fibres in cement
mortar was experimentally studied by Gokoz and Naaman [45] using a specially designed
test set-up. Steel glass and polypropylene fibres were used. They have reported that the
energy absorbing capability of steel and glass fibres was not dependent on the strain rate,
probably because energy in these cases was absorbed by pull-out of fibres which depended
on the friction between the fibres and the composite. Friction was observed to be not strain
rate sensitive. Vos and Reinhardt [46] reported similar conclusions from tests conducted
on deformed bars, plain bars and strands under impact loading. Several investigations have
dealt with bond or pull-out characteristics of different fibres under static or low strain rate
loading but limited research has been carried out on bond strength under impact loading
[47].  The effect of the type of fibres on the bond behavior of the reinforcement under
impact  was  also  investigated  by  Yan  and  Mindess  [48]  who  observed  significant
improvement in bond behavior under impact loading when steel fibres were incorporated.
Radomski [49] used a rotating machine for investigating fibre reinforced concretes
under  impact  loading.  Manolis  [50]  investigated  cement  mortar  slabs  reinforced with
monofilament  polypropylene, hooked  ended  steel  fibres  and  fibrillated  polypropylene
network.  The  benefits  derived  from  such  fibres  in  increasing  the  toughness  of  the
composite under flexural and impact loading was investigated. While the extent of fine
cracking was greater with polypropylene reinforcement it was reported that the addition of
hooked ended steel  fibres  resulted in  considerably smaller  deflection  under  all  testing
conditions. Studies on the behavior of plain concrete at high strain rates under uniaxial
compression  [51],  [52],  uniaxial  tension  [53],  [54]  and  flexure  [55],  have  all  shown
increased  strength  at  high  strain  rates.  High  strain  rate  studies  for  fibre  reinforced
composites also report higher resistance and higher energy absorption under high strain
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rates under tension [53], [56], [57], compression [58], [59], and flexure [60], [61], [62].
The  strain  rate  sensitivity  was  more  pronounced  under  flexure  and  tension  than
compression. Compressive strength increases by 20% to 40% were reported. For a strain
rate of 20s-1 a 70% increase in tensile strength, a 25% increase in maximum strain and a
60% increase in fracture strength was reported. The effects due to high rate of loading in
fibre reinforced concrete depended strongly on the fibre-matrix composition.
A cementitious composite material known as ferrocement was also investigated in
this study. Ferrocement is a thin composite made with a cement mortar matrix reinforced
with closely spaced layers of relatively smaller diameter wire mesh [63], [64]. The mortar
contains  only fine  aggregates. Ferrocement  is  known to  have  much better  mechanical
properties than concrete or even fibre reinforced concrete. Higher tensile strength, high
ductility,  better  crack  propagation  mechanism,  better  strength  to  weight  ratio,  and
homogenous behavior  are  all  specific  advantages  of  ferrocement  [65].  Ferrocement  is
suited for thin walled structures and has also been tested under impact proving to be much
more energy absorbing than many other concretes or composites. The close spacing and
uniform dispersion of reinforcement results in excellent mechanical properties. 
Impact resistance of ferrocement plates were investigated by Shah and Key [66]
using  pendulums.  Ferrocement  boat  hulls  subjected  to  impact  were  reported  by
Nimityongskul [67]. Tests on ferrocement slabs to resist impact were carried out by Rao
[68] and Grabowski [69]. Tests on ferrocement slabs under cyclic thermal shock loading
have also been conducted [70]. All these tests report extremely high potential for the use
of  ferrocement  under  dynamic  loading.  In  addition,  the  ready  availability  of  the
components and the low technology needed for its production added to the low cost are all
features of the material that are contributing to the steady growth of its popularity.
22
                                                                                                 Chapter 2: Literature Survey  
Another  material  that  has  been used  in  military applications  to  resist  dynamic
loading  is  SIFCON  or  slurry  infiltrated  fibre  concrete.  This  is  a  high  density  fibre
composite. The casting method differs from conventional concrete. Fibres are placed in
the mould aligned in the desired direction and a special slurry is poured into the mould
[71],  [72].  The  slurry  is  made  of  a  mixture  of  sand  and  cement  with  the  use  of
superplasticizers. This method is suitable to achieve a high percentage of fibres, up to 12%
by volume, without having difficulty in mixing. This also results in the ability to align the
fibres in a desired direction resulting in higher strength in that direction. SIFCON has been
successfully used in many military applications worldwide and in many structures required
to  resist  blast  loads.  Due  to  the  high density of  fibres,  high resistance to  penetration
fragments  has  been  achieved.  Superior  mechanical  properties  such  as  strength
(compression, tension, bending and shear), ductility, toughness, durability, stiffness and
energy absorbtion  capacity  under  monotonic  and  cyclic  loads  has  been  reported  by
Naaman [73]. 
Commerically manufactured Bi-steel plates with conrete infill have been reported
to be effective under blast loading specially to prevent secondary fragment effects [74].
2.4 Behavior of metals under impact 
A lot of work has been done in the topic of ballistic perforation. An authoritative and
thorough review of the literature on ballistic perforation was prepared by Backman and
Goldsmith [75].  This report includes descriptions of the different physical mechanisms
involved  in  the  penetration  and  perforation  process.  The  models  discussed  can  be
categorized into one of three cases; thin plates and rigid projectiles, thick plates and rigid
projectiles  and  models  for  deformable  projectiles.  The  early  models  of  the  ballistic
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perforation process concentrated on single deformation mechanisms and rigid projectiles.
Since these models assume no stress or deformation gradient through the target thickness,
they  are  essentially  applicable  to  thin  target  plates.  A  number  of  investigators  have
examined in detail the plastic work and the kinetic energy of the target material associated
with the perforation process for various possible deformation configurations. Thick plates
have  been  reported  to  have  more  than  one  perforation  mode  effective  during  the
perforation process [76].
Overall structural deformation is a phenomenon distinct from the localized bulging which
is the displacement of the target material  at the rear surface of the plate due to direct
pressure from the projectile. Since structural deformation is a relatively long time event, it
is  not  usually significant in  ballistic  problems except  for relatively thin plates  and for
impact velocities that are lower or nearer the ballistic limit [75]. In ballistic terminology
the  structural  deformation of  thin  plates  is  usually referred to  as  dishing.  Marom and
Bodner  [77]  suggested  a  method  to  redefine  the  ballistic  limit.  In  this  approach  the
ballistic  limit  is  defined  as  the  impact  velocity for  which  the  residual  velocity upon
perforation and the overall structural response velocity at the impact point are equal at the
same elapsed time after the impact. In other words, the new ballistic limit is interpreted as
the initial velocity for which there is no relative velocity between the exciting projectile
and the  deforming target  plate  after  perforation,  i.e.  the  plate  ‘catches’  the  projectile.
However this approach was examined by a group at Oxford University for the case of
relatively low velocity impact on plates with apparently disappointing results [78], [79].
Thus structural deformation would increase the ballistic limit velocity for a given target
and projectile. Thin plates would be more amenable to structural deformation so that a
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laminate of thin plates in contact could possibly serve as more effective protection in the
low velocity range than a monolithic plate of comparable thickness [80].
The shape of the body that is impulsively loaded and the constraints imposed on it
frequently determine both the location and the amount of plastic flow that will take place.
Several rather general statements can be made regarding the ductility of materials under
impulsive loads. Materials which undergo a transition from ductile to brittle behavior with
lowering of temperature normally undergo a similar transition when the loading is changed
from static to impulsive. Materials which are normally ductile at low temperatures will be
ductile under impulsive loads. Materials that behave in a brittle fashion under static loads
could be expected to behave in a brittle fashion under impulsive loads, while materials that
behave in a ductile fashion under static loads may or may not behave in a ductile fashion
under impulsive loads. However, for some polymeric materials (e.g. polycarbonate, PC
and polymethylmethacrylate, PMMA), Ravi-Chander et al. [81] have reported an unusual
brittle-to-ductile transition, which occurs at high strain rates under conditions of combined
pressure and shear.  In trying to decide whether a material will change from ductile to
brittle behavior under impulsive loading, it is important to consider whether or not the
material exhibits a delay in the initiation of plastic flow which depends upon the stress
level. One of the most common materials to exhibit such a delay in plastic flow is mild
steel. It is therefore to be expected that unless the stress level is extremely high, mild steel
should behave in a brittle fashion under impulsive loads [82].
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CHAPTER 3  
Experimental Investigation
3.1 Introduction
The focus of the work is on resistance of composite sandwich plates to low-velocity
impact.  The intention is  to propose a sandwich plate system for blast  doors and other
plates  subjected  to  impact  loading.  In view of  this,  the  objective  of  the  investigation
described in this Chapter is two fold:
· Chose suitable filler materials to be used as the middle plate in the sandwich plate
system.
· Devise a test system to inflict a low-velocity impact on the test specimens.
Following a detailed literature survey of some promising high strength concrete
and composites, 13 different mixes were selected for testing. The following two properties
were considered as the most important:
1) Compressive  strength:  A  material  with  high  compressive  strength  would  be
expected to perform better under impact.
2) Fracture energy: A material with high fracture energy would be expected to absorb
more of the energy from the impact prior to failure.  However a material with a
high strain rate sensitivity might change this trend and so the static response can
only be used as an initial gauge.
The first part of this Chapter describes the material tests conducted and the criteria for
the final selection of materials for the impact tests. The latter part of the Chapter describes
in  detail  the  exact  test  procedure  adopted  for  the  experimental  investigations  in  the
laboratory. 
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3.2 Materials
Thirteen cement based composites were considered during the preliminary study. For
fibre composites among these, three different fibre types, all steel, were considered; a 13-
mm long microfibre,  and  two  types of  macrofibres of  length  30  and 60  mm.  It  was
considered desirable for the fibre composites adopted to have a high compressive strength
and therefore all the fibre composites were cast with a very low water cement ratio. A
normal concrete middle plate was used as the bench mark for comparison purposes. Light
weight aggregate of two different strengths were also used. The list of materials and their
characteristics is provided in Table 3.1.
Mild steel from a local supplier was used in the specimens. The reported yield strength of
the steel was 275 MPa and the Young’s Modulus was reported to be 209 Gpa.
3.3 Material strengths
The cube strength,  modulus  of Rupture and Young’s modulus of  each mixture
were measured using 100x100x100 mm cubes, 100x100x400 mm prisms and 100x200
mm  cylinders  respectively.  (See  Table  3.2).  To  assist  in  material  selection  physical
observations of the failure patterns were recorded. The complete stress strain curves till
failure of some specimens unfortunately could not be obtained due to limitations of the
INSTRON loading machine adopted for these tests.
3.4 Final material selection
Special preference was given to materials that exhibited a slightly ductile mode of failure
as this  is an indication of higher fracture energy, which is an important parameter for
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impact studies. Higher compressive strength was also a desirable feature. Ease of mixing
and casting and ease of fabrication was another criteria that determined the final selection.
Mix A (High strength concrete / grade 120) was very dry. Proper vibration was a
problem due to the lack of workability. Thus this mix was not considered for further study.
The mix B with a strength of 110 MPa was accepted instead.
Mixes C and D were mortars without aggregate. Contrary to the literature studied,
these materials did not give the compressive strengths that were expected. Thus they were
also dropped from further study.
Mixes E and F in the above table are light weight aggregate concrete. Although
their compressive strength is lower, they were tested because of the advantage they offer in
terms of  weight.  But  their  compressive failure pattern revealed extreme brittle  nature,
which would not be suitable for impact loading. Hence they were dropped from further
study.
Since for impact study, microcracks are inevitable and ductility is required, the use
of long fibres was found to be better than the use of microfibres. Thus from the fibre
reinforced composites tested only a few were chosen for further study.
The following materials were chosen for further study under impact loading:
1) High strength concrete (Grade 110) (Mix 2)
2) Steel fibre composite , microfibres (Mix 9)
      3)  Steel fibre composite(Mix 10)
      4)  SIFCON  (Mix 11)
In addition to these materials, the following 2 materials were also tested:
5) Normal concrete (grade 50).
6) Ferrocement
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The exact material compositions of these six materials is provided. (See Table 3.3).
These materials were sandwiched between steel plates and tested under hard impact. 
3.5 Test setup
A steel frame was designed and fabricated for supporting the specimen under test
conditions. The frame was made by welding four 75x40x5 mm C-channels, each of length
380 mm, together to a base plate (Fig 3.1). The test specimens were accommodated in the
central square void of the frame. A 10 mm diameter opening was provided in the center
the base plate. The thickness of both base plate and cover plate is 15 mm. This entire
frame was bolted to the heavy frame of the test rig. Due to the stiff configuration of the
frame minimum bending is expected when the specimen is loaded centrally. The mode
that absorbs most of the energy from the impact would therefore be the local punching
failure mode (Fig 3.2).
The test  rig  (Fig 3.3)  is  such  that  the  drop hammer  could  be dropped from a
maximum height of 4 meters. It consists of a base plate and a 5 meter tall frame. The drop
hammer (Fig 3.4) slides down between a pair of rollers along a vertical guide. This guide
is aligned so that the impact occurs at the center of the 100x100 mm opening in the cover
plate of the test frame. A cable connected to the drop hammer holds the drop hammer prior
to its release. This cable runs over a pulley mounted at the top of the rig and is coiled up
using a winch. A lever in the winch releases a lock and allows the drop hammer to fall.
The  drop  hammer  is  cylindrical  and  is  made  of  stainless  steel.  It  is  fitted  with  a
hemispherical head (diameter 90 mm) for the current series of tests (Fig 3.5).
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3.5.1 Test procedure
      All specimens were subjected to a single impact where the drop hammer was dropped
once from a height of 4 meters. A post yield strain rosette was mounted on the lower face
of the bottom steel plate of the specimen vertically below the point of the impact. Due to
the axisymmetric nature of the impact it is expected that the stress waves will radiate away
from the point of impact and therefore the rosette would be expected to give the same
strain in all its three legs. At the point right below the impact the shear strains are expected
to be zero and thus the strains measured by each leg of thee rosette should be the principal
strains. The use of the rosette was therefore more to obtain three readings of the principal
strain  right  below the  impact  rather  than  to  obtain  strains  in  three  directions  for  the
purpose of the calculation of the principal strain.  Two more strain gauges were mounted,
on the same face of the bottom steel  plate at  a distance of 25 mm from the center to
measure the circumferential strain. These gauges were mounted on opposite sides of the
rosette to  obtain readings of the strains propagating away from the center in the hoop
direction (i.e parallel to concentric circles drawn from the center). A sketch showing the
strain gauges and their respective positions on the sample is shown (Fig. 3.6a). The strain
gauges were connected to a high-speed strain meter, which was set to a data acquisition
rate of 0.2 million samples per second. The strain meter was connected to an oscilloscope
and the numerical data were captured. 
After the impact the depth and area of the dents on both steel plates were measured
using transducers.  A reading was taken at every 10 mm along three diameters marked
across the circular part of the steel plate that was subjected to the punching impact. The
profiles of the dents were then plotted based on the section measured along these three
diameters. The average of these three profiles was taken to be the final profile of the dent
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on the plate. The maximum deflection within this profile is referred to as the dent depth
for the specimen. (Fig 3.6b)
3.6 Test specimens
A series of 300x300 mm square plain steel and composite sandwich plates were tested.
A 40 mm thick concrete-composite middle plate was sandwiched between two steel plates
in the sandwich specimens (Fig 3.7).
Sixteen  different  specimens  were tested.  Five  of  them were  single  steel  plates  of
thickness 5, 10, 15, 20 and 25 mm respectively. Two tests were conducted on double steel
plates held together. Two 5 mm and two 10 mm plates were held together in these tests.
Finally nine tests were conducted on composite specimens. Six of the middle plates were
made of the six materials chosen from the material study described in Section 3.4. The
other three middle plates were made of more than one of the chosen materials. Two of the
middle  plates  had  a  30  mm base  of  high strength  concrete  and a  10  mm topping of
SIFCON and ferrocement respectively. The base was cast first and the topping was cast on
top of the base within an hour of casting the base. The final specimen was a combination
of SIFCON and ferrocement (See Table 3.4). Each test was repeated leading to a total of
thirty two tests.
For SIFCON, the fibres were sprinkled continuously as the mortar was being cast. The
volume fraction of fibres was 8%. The mortar was made in the form of a slurry using a
high dosage of superplasticizer and this ensured perfect infiltration of the mortar into all
the  gaps between the  fibres.  The fibres  used were 60 mm in  length and 0.75 mm in
diameter with hooked ends.
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For ferrocement, welded steel square mesh with grid spacing of 15 mm and wire diameter
of 1.25 mm was used. Eight layers of mesh with a spacing of 5 mm between layers were
used within the 40 mm middle plate.  Since the mortar was in the form of a slurry, the
spacing between the mesh was not critical. For the specimen with a 10 mm topping of
ferrocement, two layers of mesh were used within this 10 mm.
The ferrocement mesh and fibres were both used in the last specimen. A layer of mesh
was followed by a layer of sprinkled fibres. Four layers of mesh and four layers of fibres
were used. The total volume fraction of steel still amounted to 8% with half of it being
fibres and half of it being the steel mesh.
Two tests were conducted per specimen. If the results of the two tests were within 5% of
each other then a third test was not conducted. In case of a bigger variance a third test was
conducted to minimize experimental error. The average of the two test results are used in
discussions in this thesis.
3.7 Conclusions
A detailed material study lead to a final choice of some specific materials that promised
high energy absorption  under  impact.  Normal  Concrete was  also  used for  comparison
purposes. Impact tests were carried out by placing a 300x300 mm square specimen in a
test  frame and dropping an impact  hammer on it.  Solid  steel  specimens and sandwich
specimens made by placing a composite middle plate between two steel plates were tested.
Each impact test was conducted twice. A third test was carried out for cases where the first
two  tests  did  not  give  similar  results.  Discussion  of  results  of  these  tests  follows  in
Chapter 4.
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Table 3.1: List of materials 




(Grade 120):   
A water cement ratio of 0.2 is used with superplasticizer to try
and achieve a strength of 120 Mpa. Mineral admixtures like





The water cement ratio is 0.25.  Superplasticizers and mineral
admixtures are also used. A compensation on strength is











Mortar with partial replacement of sand with the extra fine






Using artificial light weight aggregate called Liapor 6.5. The










Dramix microfibre (6mm in length and 0.16 mm in diameter)
is used at a volume fraction of 0.5%. The composition of the





Dramix microfibre (13mm in length and 0.16 mm in diameter)





Dramix microfibre (13mm in length and 0.16 mm in diameter)





Dramix fibre (60 mm in length and 0.75 mm in diameter)
at a volume fraction of 1%.
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SIFCON is an acronym for slurry infiltrated fibre concrete.
Dramix fibre, (60 mm in length and 0.75 mm in diameter) at a





Dramix fibre (30 mm in length and 0.5 mm in diameter)
aligned in 2 directions in 2 layers at the top of the specimen.





A new formula using 5% microfibre (Dramix fibres, 6 mm in
length and 0.16 mm in diameter) and fine sand and Silica
Fume, with as little water as possible. (Water cement ratio of
0.18).
Table 3.2: Material Strengths
Mix  fc / MPa M.O.R / MPa
Young’s Modulus/
GPa
1 118.53 21.4 43.4
2 111.17 19.64 39.7
3 88.37 8.43 32.4
4 78.45 8.04 29.6
5 51.57 7.55 24.2
6 80.47 7.64 29.7
7 109.57 19.17 38.5
8 93.77 18.25 35.2
9 86.4 16.93 35.0
10 105.27 19.75 37.5
11 121.45 49.6 38.1
12 80.67 15.28 37.8
13 84.3 28.4 29.8
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350 500 500 500 980 980
Sand (< 5 mm) 650 650 650 650 - -
Sand (<0.4
mm)
- - - - 822 822
Aggregate (<10
mm)
1250 1120 1120 1120 - -
Silica Fume - 60 60 60 100 100
Superplasticiser 2 20 20 20 20 20
Water 165 134 134 134 324 324
 Steel fibre
(l/d:13/0.16)
- - 79 - - -
Steel fibre
(l/d:60/1)
- - - 79 630 -
Steel wire mesh - - - - - 630
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1 S05 5 1 -
2 S10 10 1 -
3 S15 15 1 -
4 S20 20 1 -
5 S25 25 1 -
Double Steel Plates
6 S5-5 5 2 -
7 S10-10 10 2 -
Composite Sandwich Plates
8 SNC 5 2 Normal concrete
9 SHSC 5 2 High strength concrete
10 SFRC1 5 2 Fibre reinforced concrete (microfibre) (Vf =
1%)
11 SFRC2 5 2 Fibre reinforced concrete (macrofibre)(Vf =
1%)
12 SSIFHSC 5 2 SIFCON and High strength concrete  
13 SFERHSC 5 2 Ferrocement and High strength concrete 
14 SSIFCON 5 2 SIFCON (Vf = 8%)
15 SFERRO
C
5 2 Ferrocement (Vf = 8%)
16 SSIFER 5 2 Ferrocement and SIFCON (Vf = 8%)
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Figure 3.1:Test Frame
                   






Point of Impact 
Figure 3.2: Test Setup
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Figure 3.3: Test Rig.
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( = 90mm) 
       
Figure 3.4: Drop Hammer
      
Figure 3.5: Impact Head
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 Dent depth Steel plate 
100 mm 
impacted portion 
Figure 3.6a: Strain gauges on the steel plate         Figure 3.6b: Dent depth of steel plate
                
      
 
All other composite specimens 
Specimens SFERHSC and SSIFHSC 
Steel Plate (5 mm) 
Different Middle 
plates (40 mm) 
HSC layer (30 mm) 
Ferrocement or SIFCON 
layer (10 mm) 
                     
       Figure3.7:  Test specimens
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In this chapter the data collected from the experiments are presented and discussed.
Specimen behavior  under  impact  is  evaluated  based  on  three  observable  features:  the
integrity of the middle plate after impact, the strain v/s time profile during impact and the
depth of the dent on the bottom steel plate after the impact. All discussions are based on
tests conducted on the sixteen configurations (32 specimens) listed in Chapter 3. 
The discussions include specimen integrity, peak and residual strains, dent depths,
comparison between dent depths and strains, and time to peak strain.
4.2 Specimen integrity
Following the impact loading in each test a visual inspection of the specimen was
conducted. In technical terms the interest was on the cracking patterns of the middle plates
and the dents on the steel plates.
All the single steel plates were dented by the impact (Fig. 4.1). None of the steel plates
exhibited cracking or scabbing. There was no fracture or petalling observed. Shear sliding
along the edge of the 100 mm void in the frame was observed for the 5 mm plate but was
not observed in the thicker steel plates.
In the cases of sandwich plates, regardless of the composition of the middle plate, both
top and bottom steel plates were dented by the impact. Nevertheless the condition of the
middle plate varied. Six out of the nine middle plates cracked due to the impact (Table
4.1). These cracks propagated radially from the center (Fig. 4.2). In the cases of plain
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concrete (SNC and SHSC) the cracking was comprehensive with several large pieces of
the middle plate separating entirely from each other along with numerous fragments (Fig.
4.3). In the cases of fibre reinforced composites (SFRC1 and SFRC2) the fibres held the
pieces  of  middle  plate  together  after  cracking  (Fig.  4.4).  These  middle  plates  could
therefore be lifted out in one piece after the impact though deep radial cracks were formed.
In the cases with a layer of SIFCON or ferrocement (SSIFHSC and SFERHSC), this layer
did not crack (Fig. 4.5). As a result the middle plate could again be lifted off as one piece
although radial cracks were visible on the high strength concrete surface. In the final three
specimens (SSIFCON, SFERROC and SSIFER) the middle plate did not even crack (Fig.
4.6). A small dent was formed at the point of impact on the middle plate, exactly like the
dents that were formed on the steel plates in all the tests. In the case of normal concrete the
middle  plate pulverized below the point  of impact between the dents of  the two steel
plates. In the case of high strength concrete the pulverization was less though the middle
plate  was  disintegrated  into  many  discrete  pieces.  In  all  other  cases  the  extent  of
pulverization  was negligible and there was no disintegration of  the  plate  into  discrete
pieces. These plates could therefore be lifted off in one piece after impact.
These observations lead to the following conclusions. The steel plates became dented
regardless of the strength of the sandwich plate. Permanent deformation of steel at and
around the impact is largely unavoidable. Cracking and disintegration of the middle plate
is  similarly  unavoidable  if  it  is  made  of  plain  concrete.  It  was  apparent  that  the
compressive strength of concrete did not matter in this regard. However even minimal
presence of fibres helped in arresting the cracks somewhat and preventing of disintegration
of the middle plates by holding the cracked pieces together. In the cases where the amount
of  fibres  was  large  (SIFCON)  or  the  amount  of  well  distributed  steel  reinforcement
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volume was large, no cracks were observed. These middle plates barely deformed except
for a very small dent observed right below the impact. This local deformation was similar
to the deformation exhibited by the plain steel plates under the impact. Thus the behavior
of SIFCON and ferrocement under impact was closer to that of steel than that of a brittle
material like concrete. SIFCON and ferrocement apparently possess substantial ductility as
manifested by their ability to form a local dent without any cracking of the surrounding
material.
4.3 Peak strain and plastic recovery
A strain rosette was used at the point right below the point of impact. This rosette
recorded strains in three different directions along the plane of the bottom surface of the
bottom steel plate right below the point of impact. Note that given the radially symmetric
nature of the impact the strains in all directions on the steel plate was expected to be the
same. The strain readings of all three gauges of the rosette were observed to be nearly the
same for each case of tests. The average of these three readings is reported here as the
observed reading for strain at this point; this is referred to as the central strain. To measure
the  hoop  strain  at  25  mm  away  from  the  center,  two  strain  gauges  were  used  at
diametrically opposite locations. These two gauges also recorded nearly same readings in
each test confirming the symmetry of the loading. The average of these two readings is
reported here as the observed reading for the strain at a radial distance of 25 mm from the
center; this is referred to simply as the hoop strain in charts and tables here.
 
It was evident that both the central and hoop strains steadily reached a peak value and
then steadily recovered till reaching a clearly identifiable permanent residual strain. Note
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that this occurred regardless of the test specimen being a single steel plate, a double steel
plate or a sandwich plate. To illustrate this apparently characteristic behavior of all test
plates a typical strain-time graph is shown in Figure 4.7.  Numerical values of the peak and
residual  strains  for all  tests  are  given in  Table 4.2.  The final  residual  strain  naturally
reflects the level of permanent deformation sustained as a result of the impact. The final
residual strain can be thought of as a parameter that depends on the peak strain reached
during the impact and the amount of recovery from this peak strain immediately after the
impact. 
In the following the term peak strain refers to the highest value of strain that the
gauge recorded during the impact.  Recovery refers to  the difference between the peak
strain and the residual.
Low peak strain reflects a resistance offered to the impact loading while a high
amount of recovery reflects a high ability of the plate to recover elastically. Therefore low
peak strains and higher recovery were both viewed as functionally desirable features when
comparing the performance of specimens under the impact. 
The discussion in this section is subdivided into four categories. Performance of
plain steel plates is described first followed by that of double steel plates and composite
sandwich plates. Therefore the central and hoop strains are compared and discussed.
4.3.1 Single steel plates
Five single steel plates of thickness 5, 10, 15, 20 and 25 mm were tested. The
deformation sustained by the 5 mm plate during the impact was high and the strain gauges
were destroyed in the process. Since the strain limit for the post yield gauges used was
about 0.03 strains, it  is deduced that the strains on the 5 mm plate exceeded this limit
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during the impact thus causing the gauges to fail. The strains recorded by the gauges of the
remaining four plates are presented in Table 4.2.
The peak strains decreased with increasing steel plate thickness and the magnitude
of  the  negative  gradient  of  the  peak  strain  with  respect  to  the  steel  plate  thickness
decreased. (See Fig. 4.8). This trend was observed for both the central and the hoop peak
strains. The central residual strains on the other hand increased as the steel plate thickness
increased (See Fig. 4.8a). In contrast the hoop residual strains first increased from a 10
mm plate  to  a  15  mm plate  and then  decreased  with  further  increases  in  steel  plate
thickness (Fig. 4.8b). 
The term percentage recovery in the following refers to the recovery expressed as a
percentage  of  the  peak  strain.  The  percentage  recovery  from  the  peak  strain  was
significantly higher for thinner plates. In the 10 mm plate the percentage recovery was
83% whereas in the 25 mm plate it was only 18% (Fig. 4.9). A comparison of the recovery
shown in Fig 4.9a with the percentage recovery shown in Fig 4.9b reveals that in the case
of  central  strains  the  recovery decreased  at  a  decreasing rate  as  steel  plate  thickness
increased, but the recovery percentage had decreased at nearly a constant rate. In the case
of hoop strains, however, the recovery percentage displayed an irregular variation with
plate thickness. This matches with the variation of residual hoop strains, whereas the peak
hoop strains displayed a more regular trend with increasing plate thickness(Fig. 4.8). 
Thus  in  the  case  of  single  steel  plates,  as  one  would  expect,  the  immediate
deformation in response to the impact loading as measured by the peak strains, reduced
with  an  increasing  steel  plate  thickness.  However  the  thinner  plates  exhibited  larger
recovery offsetting the high peak strains attained. Accordingly a thinner plate retains a
lower central residual strain when compared to a thicker plate. 
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4.3.2 Double steel plates
In a manner similar to the 5 mm steel plates, strain data could not be recorded in the case
of two 5 mm steel plates  stacked together (specimen S5-5),  as the strain gauges were
destroyed during the impact loading. This indicates that the strain at some point during the
impact had exceeded 0.03, which was the strain limit of the post yield strain gauges used.
Data gathered for the other case of two 10 mm plates stacked together shows that the
deformation at the bottom surface of two steel plates held together is close to that of a
single plate of thickness that is slightly smaller than the total thickness.The peak central
strain in test S10-10 was 0.0179, marginally higher than the peak strain in S20 which was
0.0167. The peak central strain for S15 is 0.0195. The recovery of central strain in the
S10-10 test was 0.058 which was slightly higher than the recovery in S20 which was 0.055
whereas the recovery in S15 is 0.0115. On the other hand, the irregularity of the residual
strain variation with plate thickness, highlighted in the previous section, becomes apparent
again from the figures shown in Table 4.2.  
4.3.3 Composite sandwich plates  
The composite plates tested consisted of a 40 mm cementitious composite layer
sandwiched between two 5 mm steel plates. In this subsection the impact performance of
plates  with  9  different  middle  plates  (See  Chapter  3,  Table  3.4)  are  compared.  The
parameters used in this comparison are as before, the peak strain , the residual strain and
the recovery at the bottom surface of the bottom steel plate. The strain measurements were
made right below the point of impact and at a distance of 25 mm from the center. 
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As evident from Table 4.2, the sandwich plate containing a high strength concrete
middle plate (SHSC) recorded lower magnitudes of peak strains than a sandwich plate
containing a normal concrete middle plate (SNC). Moreover specimens with middle plates
containing steel fibres of wire mesh further reduced the peak strains. Sandwich plates with
macrofibres (SFRC2) in the middle plate registered lower peak strains under this kind of
impact when compared to sandwich plates with microfibres in the middle plate (SFRC1).
This  is  probably  due  to  the  preferential  2D  alignment  of  macrofibres  owing  to  the
thickness of the middle plate being lesser than the length of the macrofibres. A 10 mm
layer of  SIFCON or  ferrocement  in  the  middle  plate  also  had  a  significant  effect  in
reducing the peak strains on the bottom steel plate. Finally the three sandwich plates with
middle  plates  made fully of  SIFCON, ferrocement, and both,  showed the  lowest  peak
strains among all specimens tested. The residual strains also followed the same trend as
the peak strains. 
The largest recovery (0.0049) was in the specimen with the high strength concrete
middle plate, where the percentage recovery was 40%. The smallest recovery (0.0010) was
in the case with a ferrocement middle  plate,  where the percentage recovery was 15%.
When compared with the case with high strength concrete, the case with normal concrete
had  a  smaller  recovery (30%).  In  cases  with  SIFCON  of  ferrocement  middle  plates,
inclusive of the one with both materials, the percentage recovery varied between 15% and
20%. The percentage recovery in all six cases varied between 30% and 40%. 
The above observations lead to the following conclusions. The deformation of the
bottom steel plate was less in the case with concrete of higher strength, when compared
with that of normal strength. Addition of steel fibre to the middle plate reduces the bottom
steel plate deformation more effectively than increasing concrete strength. An increase in
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steel  reinforcement  within  the  middle  plate  also  decreased the  peak strains.  All  fibre
reinforced specimens had about the same compressive strength (about 100 MPa). Thus
this decrease in peak strains or apparent increase in the resistance to the impact loading of
the specimens, as the volume fraction of fibres increased, cannot be due to an increase in
the compressive strength of the middle plate. Moreover the length of fibre seems to matter
too as longer fibres redulted in lower peak and residual strains. 
Recovery from the peak strain decreased with an increase in the amount of fibres
used  in  the  middle  plate.  Thus  fibres  decreased  the  peak  strains  but  also  decreased
recovery. This observation is similar to that made in the case of single steel plates where
an increase in steel plate thickness decreased the peak strain and the recovery. An increase
in the proportion of an elastic material like steel fibres would presumable be expected to
increase the ability of the sandwich plate to recover elastically. This should therefore lead
to  higher  amounts  of  recovery  for  higher  amounts  of  fibres.  This  was  however  not
observed to be the case. The reason for the decrease in recovery in response to an increase
in the steel volume fraction of fibres in the middle plate is presently not clear.
4.3.4 Hoop and central strains
In this section the hoop strains and the central strains on the bottom steel surface of
all the test specimens under impact, including single steel plates as well as sandwich plates
are compared. The strain right below the point of impact is referred to as the central strain
and the strain at a radial distance of 25 mm from the center is referred to as the hoop
strain.
The  hoop  strains  in  general  showed  similar  trends  as  the  central  strains  (Fig.
4.12a). The hoop strains were always lower than the corresponding central strains, except
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in the single plate cases S10 and S15 where the residual hoop strains were larger than the
residual central strains (Fig. 4.12b). 
In single steel plates the hoop strain to central strain ratio reduced with increasing
steel plate thickness (See Table 4.3). This meant that as the steel plate thickness increased
the effect of the impact loading at the same radial distance away from the center decreased
relative to the effect right below the point of impact. Thus the difference between the hoop
strains and the central strains increased as the plate thickness increased. This trend was
also reflected in the dent shapes which shall be discussed in the next sub section. 
Among composite plates this difference between the central and hoop strains was
smaller for those specimens with high density of fibres or wire mesh in the middle plate
(Fig. 4.13a). For the three specimens, SNC (normal concrete middle plate), SHSC (high
strength concrete middle plate) and SFRC1 (fibre reinforced concrete with microfibres as
the middle plate), which did not have macrofibres, the difference between the central and
hoop strains was larger (See Table 4.3). 
From these observations it is apparent that the thickness of the plate affects the
radial dispersion of deformation. The thicker the plate, the lesser the dispersion of plastic
strains. More brittle middle plates had higher strains right below the impact and relatively
lesser radial dispersion of deformation. The brittle nature of the middle plate lead to higher
strains right below the impact and relatively lesser radial dispersion. The slightly ductile
middle plates (with macrofibres) on the other hand had a more uniform strain distribution
around the region of impact.
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4.4 Time to peak strain and strain rate
The time taken for the strain to reach its peak value from the instant of impact was
measured for each test. For the case of sandwich plates the time taken to reach peak strain
was nearly the same for all specimens irrespective of the composition of the middle plate.
For all the sandwich plates, the total thickness of which was 50 mm in all cases, the time
to peak strain was approximately 1.95 milliseconds. 
However, in the case of single steel plates the time to peak increased with steel
plate thickness (See Table 4.5), and varied from 0.865 ms for a 10 mm plate to 1.355 ms
for a 25 mm plate.
The time to peak for the hoop strains, measured at a radial distance of 25 mm from
the  center,  was  also  compared.  Interestingly, the  graph of  time  taken  to  peak plotted
against steel plate thickness for the central strains and the hoop strains looked like mirror
images of each other (Fig. 4.17).  While  the time to  peak strain for the central strains
decreased first and then increased as the steel plate thickness increased, a reverse trend
was exhibited by the time to peak for the hoop strains. The time to peak for both the
central and hoop strains was found to be about the same for the 25 mm plate. 
The time to peak against thickness for central strains was regressed on to a straight
line with the following equation (Fig. 4.17):
c = 0.57 + 0.028(t)                  (4.1)
where
c is the time to peak for central strains in milliseconds and
t is the steel plate thickness in millimeters.
The coefficient of determination for this regression was 0.904 indicating a very good fit.
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4.5 Denting in steel plates
The dents on the top and the bottom steel plates of each test specimen were measured
after  the  impact.  A  transducer  was  used  to  measure  the  depth  of  the  permanent
deformation at points one centimeter apart along a diameter marked on the circular area of
exposure to impact. Three such diameters were marked on each plate and thus the final
profile drawn is the average obtained from the deformations along these three sections on
the plate.
The dent profiles were generally parabolic in shape. The boundary of the dented area took
the shape of the circular opening provided in the test frame. The shape of the middle of the
dent was similar to the shape of the projectile (hemispherical) (Fig. 4.14). The size of the
dent of both top and bottom steel plates generally follow the same trends as the peak and
residual strain magnitudes measured on the bottom plate of various test specimens.
This section is again divided into three subsections addressing the cases of single steel
plates, double steel plates and sandwich plates. The measured dent depths are presented in
Table 4.4.
4.5.1 Single steel plates 
The depth of the dent reduced significantly with increase in steel plate thickness. In
the 5 mm plate a dent of 11.138 mm was observed while on the 25 mm plate a dent of
only 0.841 mm was noted (Fig 4.15a). The dent depths in single steel plates of varying
thickness seemed to fit a straight line on a log scale, except for the last data point for the
25 mm steel plate, which appeared to follow a gentle gradient (Fig. 4.15b). This relation
for steel plates of thickness less than 20 mm can be expressed as follows: 
d= 27.1e-0.174t     (4.2)
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where d is the dent depth and t is the steel plate thickness. 
Note that this expression was derived from the results of a specific drop hammer impact.
As of now there is no reason to suggest a more general valildity of an expression of the
form:
d = Ae-Bt
where  A  and  B  are  constants,  although  the  present  results  suggest  the  possibility  of
establishing such a relationship.
4.5.2 Double steel plates
The dent depth in a 10 mm single plate was 4.658 mm whereas that in the case where two
5 mm plates were held together was 7.807 mm on the top plate and 7.173 mm on the
bottom plates for the same impact loading. Similarly the 20 mm plate had received a dent
depth of 0.883 mm as compared to dent depths of 1.958 and 1.728 mm on the top and
bottom plates respectively when two 10 mm plates were held together. Evidently the dent
received in a system of two stacked plates is much larger than that in a single steel plate of
the same total  thickness and much smaller than that received if only one of those two
plates of the stack was present. While the difference in dent depths between a two plate
system and a single plate of same total thickness was significant, the difference in strains
between these two cases was not so significant as discussed in section 4.3. 
4.5.3 Composite plates
The  dent  depths  for  all  the  composite  specimens  are  plotted  in  Figure  4.16.
Decrease in the dent depths on the bottom steel plate were generally consistent with those
on the top steel plates (Table 4.4  and Fig. 4.16).
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Thus it can be concluded that for single steel plates the dent depth decreased with
an increase in steel plate thickness. This decrease in dent depth was exponential for thin
plates. For sandwich plates the dent depth was a function of the compressive strength of
the middle plate, the volume fraction of fibres in the middle plate, and the length of the
fibres increased.  As each of  these three parameters increased in  value,  the  dent depth
dereased.
4.6 Relation between dent depths and strain values
Generally decreasing strain values also reflected decreasing dent depth values. As
the dent depth is the final plastic deformation sustained by the steel and the residual strain
is  the  final  plastic  strain  that  remains  after  impact,  a  linear  or  proportional  relation
between  these  two  variables  could  be  expected.  As  thickness  of  single  steel  plates
increased, the peak and residual strains decreased and so did the dent depth. Similarly for
composite middle plates as the amount of reinforcing steel was increased in the middle
plate both the peak strain recorded during the impact and the depth of the dent on the
bottom steel  plate decreased. Thus when comparing specimens within the same group,
single steel plates, or composite specimens, a decrease in strains was also associated with
a decrease in the depth of the dent. 
But generally it could not be concluded that a smaller dent was associated with a
lower  residual  strain  value.  Steel  plates  of  thickness  20  mm  and  25  mm  recorded
extremely low values  for  dent  depths  (0.883 and  0.841 mm respectively). These dent
depths  were  significantly  smaller  than  those  recorded  on  the  bottom  steel  plates  by
specimens SSIFCON, SFERROC and SSIFER (2.08,  1.95 and 1.50 mm respectively).
However the values of peak strain and residual strains do not  confirm this trend. The
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values  for  the  residual  strains  in  specimens  S20  (0.0112)  and  S25  (0.0132)  were
significantly higher than those for specimens SSIFCON (0.0058), SFERROC (0.0056) and
SSIFER (0.0050). Thus introduction of a strong composite middle plate seemed to have
helped significantly in reducing strain values, both peak and residual, but a thick single
steel  plate  helped  in  reducing dent  depths.  This  can  be  explained  by the  fact  that  all
composite specimens had 5 mm steel plates. These thin plates were subjected to much
higher deformation due to the shear load at the boundary of the circular opening in the
frame. The thicker steel plates however had much higher shear resistance at the boundary
and therefore were not subjected to as much shear sliding deformation at this circular
edge.  The  deeper  dents  on  the  thin  plates  were  therefore  primarily due  to  the  shear
deformation all along the edge of the exposed circular portion rather than due to a local
penetration effect alone. Thus if the steel plate thickness is increased, then the dent depth
decreases much faster than the decrease in strain values.  The residual  strains and dent
depths both therefore are measures of the final deformation on the plate but because of this
shear sliding effect induced by the apparatus used, the two variables do not always yield
the same results. This shear sliding effect at the supports, due to an impact load on a steel
specimen, has been reported by researchers performing experiments on steel beams and
plates and has been covered in the literature surveyed in Chapter 2.
4.7 Strain rates of composite specimens
For composite specimens the time to peak was found to remain almost constant at about
1.9  milliseconds.  However  the  peak  strain  attained  within  this  period  varied  from
specimen to specimen. The average strain rate during this period was therefore different
for different middle plates. The strain rates for each specimen has been normalized with
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respect to the strain rate for the first specimen (SNC). This graph (Fig. 4.19) shows that as
the Vf of fibres increased, the strain rate recorded under the impact dropped. The strain
rates for the SSIFCON, SFERROC and SSIFER specimens were less than half the strain
rate of the SNC specimen.
4.8 Conclusions
The  reported  study of  the  response  of  steel-concrete/composite-steel  sandwich
plates subjected to a 40kg drop hammer impact has led to the following findings:
1   Middle plates  without  fibres broke into pieces.  Fibre reinforced middle  plates
cracked radially from the point of impact but remained in one piece. SIFCON and
ferrocement middle plates did not even crack under the impact.
2 Both the peak strain and the plastic recovery dropped with increasing steel plate
thickness  for  single  steel  plates,  but  this  change  relative  to  the  incremental
thickness appears to decrease as the steel plate thickness increases.
3 Two steel plates held together recorded higher strain values than a single steel
plate of equivalent thickness.
4 For the  composite plates,  and increase in  the  volume fraction of  fibres  in  the
middle plate decreased the strains on the bottom steel plate. Again the peak strain
and recovery were both inversely proportional to the volume fraction of fibres.
5 The difference between hoop and central strains dropped as the volume fraction of
fibres in the middle plate increased. Thus use of fibres in the middle plate helped
in the radial dispersion of the stress waves from the dynamic loading.
6 Consistent with the strain values, an increase in steel plate thickness reduced the
dent depth for single steel plates. Similarly an increase in the volume fraction of
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fibres also decreased the  dent  depths  on both the  top  and bottom steel  plates.
However because of the shear sliding effect at the border of the exposed part of
the specimens, a relation between residual strains and dent depths could not be
established.
7 The data also suggests that the size effect for the shear at the edges was more
prominent than the size effect for the bending. An increase in depth of the steel
plates helped decrease the deformation due to shear at the edges much more than
they heldped to decrrease the deformation due to bending at the center of the void.
8 There appeared to be an exponential relationship between the dent depths and the
steel plate thickness for single steel plates.
9 Thicker steel plates were subjected to much lesser shear deformation at the rigid
boundary provided by the frame. Thus thicker plates had very small dent depths
even if the strains recorded at the center of the impact was high.
10  Strain rates of composite specimens dropped with an increase in volume fraction
of fibres in the middle plate.
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Table 4.1:  Middle plate integrity after impact








from the centre 
(Bottom Face)
SNC YES YES YES YES
SHSC YES YES YES YES
SFRC1 NO YES YES YES
SFRC2 NO NO YES YES
SFERHSC NO NO NO YES
SSIFHSC NO NO NO YES
SSIFCON NO NO NO NO
SFERROC NO NO NO NO
SSIFER NO NO NO NO
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Table 4.2: Peak Strains and Recovery




Peak Residual Recovery %
Recovery
Peak Residual Recovery %
Recovery
Single Steel Plates
S05 - - - - - - - -
S10 0.0286 0.0047 0.0239 83 0.0256 0.0090 0.0166 65
S15 0.0195 0.0080 0.0115 59 0.0154 0.0110 0.0044 29
S20 0.0167 0.0112 0.0055 33 0.0076 0.0040 0.0036 47
S25 0.0160 0.0132 0.0028 18 0.0075 0.0041 0.0034 45
Double Steel Plates
S5-5 - - - - - - - -
S10-10 0.0179 0.0121 0.0058 32 0.0085 0.0053 0.0032 38
Sandwich Plates
SNC 0.0142 0.0100 0.0042 30 0.0096 0.0069 0.0027 28
SHSC 0.0124 0.0075 0.0049 40 0.0096 0.0072 0.0024 25
SFRC1 0.0118 0.0074 0.0044 37 0.0081 0.0054 0.0027 33
SFRC2 0.0088 0.0057 0.0031 35 0.0082 0.0054 0.0028 34
SFERHSC 0.0088 0.0056 0.0032 36 0.0074 0.0048 0.0026 35
SSIFHSC 0.0093 0.0063 0.0030 32 0.0084 0.0056 0.0028 33
SSIFCON 0.0070 0.0058 0.0012 17 0.0061 0.0049 0.0012 20
SFERROC 0.0066 0.0056 0.0010 15 0.0059 0.0050 0.0009 15
SSIFER 0.0062 0.0050 0.0012 19 0.0054 0.0044 0.0010 19
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Table 4.3: Central and Hoop Strains
Test Specimen
Ref






S05 - - - - - -
S10 0.0286 0.0256 90 0.0047 0.0090 191
S15 0.0195 0.0154 79 0.0080 0.0110 138
S20 0.0167 0.0076 46 0.0112 0.0040 36
S25 0.0160 0.0075 47 0.0132 0.0041 31
Double Steel Plates
S5-5 - - - - - -
S10-10 0.0179 0.0085 48 0.0121 0.0053 44
Composite Plates
SNC 0.0142 0.0096 68 0.0100 0.0069 69
SHSC 0.0124 0.0096 77 0.0075 0.0072 96
SFRC1 0.0118 0.0081 69 0.0074 0.0054 73
SFRC2 0.0088 0.0082 93 0.0057 0.0054 95
SSIFHSC 0.0088 0.0074 84 0.0056 0.0048 86
SFERHSC 0.0093 0.0084 90 0.0063 0.0056 89
SSIFCON 0.0070 0.0061 87 0.0058 0.0049 84
SFERROC 0.0066 0.0059 89 0.0056 0.0050 89
SSIFER 0.0062 0.0054 87 0.0050 0.0044 88
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Table 4.4: Dent Depths on Top and Bottom Steel Plates
Case
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Table 4.5: Time to peak(milliseconds)




Hoop time to peak
Central time to peak
Single steel plates
S05 - - -
S10 0.865 1.615 1.867
S15 0.785 1.790 2.280
S20 1.315 1.450 1.102
S25 1.355 1.360 1.004
Double steel plates
S5-5 - - -
S10-10 1.545 1.790 1.159
Composite plates
SNC 1.950 2.500 1.282
SHSC 1.950 2.140 1.097
SFRC1 1.360 1.900 1.397
SFRC2 1.920 2.195 1.143
SFERHSC 2.000 2.000 1.000
SSIFHSC 1.860 2.145 1.153
SSIFCON 2.085 2.195 1.053
SFERROC 1.920 2.335 1.216
SSIFER 1.855 2.240 1.208
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Figure 4.1a: 5 mm Steel Plate after Impact
Figure 4.1b: 10 mm Steel Plate after Impact
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Figure 4.2a: Normal Concrete Middle Plate after Impact
Figure 4.2b: Detail of central area of NC middle plate shown in Fig 4.2a
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Figure 4.3a: Fragments of High Strength Concrete Middle Plate after impact
Figure 4.3b: Detail of the central portion of HSC middle plate shown in Fig 4.3a
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Figure 4.4a: FRC Middle Plate (Macrofibres) after Impact
Figure 4.4b: Detail of the central portion of FRC (microfibres) Middle Plate after impact
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Figure 4.5: SIFCON plus HSC composite Middle Plate after Impact
Figure 4.6: Ferrocement Middle Plate after Impact
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Peak Strain = 0.0286  
Residual strain = 0.0047 
Elastic strain limit of steel = 0.00125
Figure 4.7a: Typical Strain Time Profile 













SIFCON and ferrocement combination
Figure 4.7b: Strain Time Profiles for Specimens SNC, SFRC1 and SSIFER
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Figure 4.8b: Peak and Residual Hoop Strains for Single Steel Plates
68
                                                                                         Chapter4: Results and Discussion  
















Figure 4.9a: Plastic Strain Recovery in Single Steel Plates





















Figure 4.9b: Recovery as Percentage of Peak Strains for Single Steel Plates
69
                                                                                         Chapter4: Results and Discussion  













Figure 4.10a: Peak and Residual Central Strains for Composite Specimens













Figure 4.10b: Peak and Residual Hoop Strains for Composite Specimens
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Figure 4.11a: Plastic Recovery for Composite Specimens













Figure 4.11b: Recovery as a Percentage of Peak Strain for Composite Plates
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Figure 4.12b: Hoop v/s Central Residual Strains for Single Steel Plates
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Figure 4.13a: Hoop v/s Central Peak Strains for Composite Plates













Figure 4.13b: Hoop v/s Central Residual Strains for Composite Plates
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Figure 4.14b: Dent Profile for Composite Plates (Top Steel Plate)
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Figure 4.15b: Log of Dent Depth v/s Steel Plate Thickness
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Time to peak (Central strains)
Time tp peak (Hoop strains)
Regressed time to peak (Central strains)
Central time = Hoop time at 25 mm  
c = 0.57 + 0.028(t)  
Figure 4.17: Time to peak for central and hoop strains
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                       Ordinary Least Squares Estimation                       
*******************************************************************************
 Dependent variable is X3                                                      
 5 observations used for estimation from    1 to    5                          
*******************************************************************************
 Regressor              Coefficient       Standard Error         T-Ratio[Prob] 
 X1                         .57062             .14834             3.8467[.031] 
 X2                        .028474           .0053458             5.3264[.013] 
*******************************************************************************
 R-Squared                     .90437   R-Bar-Squared                   .87249 
 S.E. of Regression            .16650   F-stat.    F(  1,   3)   28.3709[.013] 
 Mean of Dependent Variable    1.2540   S.D. of Dependent Variable      .46627 
 Residual Sum of Squares      .083162   Equation Log-likelihood         3.1463 
 Akaike Info. Criterion        1.1463   Schwarz Bayesian Criterion      1.5369 
 DW-statistic                  2.6916                                          
*******************************************************************************
*    Test Statistics  *        LM Version        *         F Version          *
*******************************************************************************
* A:Serial Correlation*CHSQ(   1)=   .73503[.391]*F(   1,   2)=   .34468[.617]*
*                     *                          *                            *
* B:Functional Form   *CHSQ(   1)=   *NONE*      *F(   1,   2)=   *NONE*      *
*                     *                          *                            *
* C:Normality         *CHSQ(   2)=   *NONE*      *       Not applicable       *
*                     *                          *                            *
* D:Heteroscedasticity*CHSQ(   1)=   .81660[.366]*F(   1,   3)=   .58560[.500]*
*******************************************************************************
   A:Lagrange multiplier test of residual serial correlation                   
   B:Ramsey's RESET test using the square of the fitted values                 
   C:Based on a test of skewness and kurtosis of residuals                     
   D:Based on the regression of squared residuals on squared fitted values  
   
















































Figure 4.19: Normalized strain rates for composite specimens
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CHAPTER 5
Analytical Modeling of Impact Response 
5.1 Introduction 
In the impact tests conducted in the present course of study it was observed that the
pattern of strain-time variation was similar in all cases, that is, single steel plates, double
steel plates and sandwich plates containing a cementitious middle plate between two steel
plates. Of interest is that this particular strain-time pattern is not of a type that had been
previously identified in available literature on impact tests, at least to the knowledge of the
author.
Described in this chapter is an attempt to analytically model the impact response so that
an understanding of this strain-time response can be developed. To be able to focus on the
fundamental mechanical behavior under impact, without getting into details of multiple
plate behavior or cementitious material  response, this analytical study was confined to
single steel plates. Given the need to model material and geometric non-linearities, the
commercially available ABACUS finite element analysis software was adopted for use
during the analysis.
5.2 Model geometry
Due to the axisymmetric nature of the geometry of the test setup as well as the loading
conditions, axisymmetric elements were chosen. A sample run was conducted on a 100
mm plate using both solid as well as axisymmetric shell elements. The results for these
two elements were similar (Fig.5.1). Using solid elements however involved modeling the
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entire  specimen.  Using  axisymmetric  elements  saved  a  lot  of  calculation  time.  Thus
axisymmetric elements were used in this study.
The impact hammer was modeled as a rigid body of the same dimentions as the
hammer used in the experiments. It was assigned a mass of 40 kilograms.
A velocity of 8 ms-1 was assigned to the impact head just before the impact. The
free fall velocity from the height of 4 meters with gravitational acceleration of 9.81 ms-2
would ideally be 8.8 ms-1 whereas the measurements in the laboratory indicated a terminal
velocity of 8 ms-1 implying some losses.
5.3 Material model
The experiments revealed that the response of all steel plates displayed significant
deformations. The material model adopted must be able to express non linear and post
yield material behavior. Therefore it was decided to try the elastic – plastic model for steel.
The linear elastic model was used to model the initial elastic response of steel. However
the failure criteria was established by the inelastic model rather than the elastic model.
Classical metal plasticity which describes the yield and flow of a metal at relatively low
temperatures, as is applicable in  the present case, was adopted for describing the steel
behavior. In this model the total strain is considered as the algebraic sum of its elastic and
plastic  parts.  It  is  assumed that  the plastic  strains dominate the deformation, which is
justified because steel has a well defined yield point,  approximately 250 MPa that is a
small  fraction  of  its  Young’s  modulus  which  is  approximately  205  GPa.  Isotropic
hardening was chosen where the yield surface changes in size uniformly in all directions
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such that the yield stress increases or decreases in all stress directions as plastic straining
occurs. 
The strain rate effect becomes very important in metals and it was attempted to
incorporate  this  effect  within  the material  model.  A yield stress  ratio  is  used  here  to
incorporate the strain rate effect. This yield stress ratio has to be defined as a function of
the strain rate by the user. The yield stress ratio is essentially the ratio of the strength of the
material at the corresponding strain rate to the static strength of the material. This allows
the  user  to  enter  only the static  hardening curve  and then express  the  rate  dependent
hardening curve in terms of this static relation.
The shell element, S4R in ABACUS, was adopted for the analysis (Fig. 5.2). This
element is based on the first order shear deformable shell theory which incorporates axial
forces, bending as well as shear forces. In addition a feature called a wire was used. A wire
has a  fixed thickness  and can be divided into a series of  shell  elements.  This feature
therefore permits the use of layers to model the plate. A non linear stress profile across the
thickness of the specimen could therefore be modeled. Only the 100 mm diameter portion
of the sample that was impacted was modeled with appropriate boundary conditions at the
edge (Fig. 5.3). The layers made of planar wire elements were not allowed to separate
from each other at any point during the impact. 
5.4 Model development
The objective here in was the development of a simple model that can produce a
strain time response similar to the experimentally observed ones. The model development
was carried out in two stages, a preliminary investigation followed by a refinement stage.
In the first stage certain parameters were tweaked to try and match the computed results to
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the  experimental  results.  This  was  an  exploratory  stage.  In  the  refinement  stage  a
comprehensive material  model  was developed for steel which redefined the  post  yield
stress-strain relation to best  match the experimentally observed one.  This stage of  the
model development also revised the method to incorporate the strain rate effect based on
results observed in stage one.
In both these stages, three steel plates, 10 mm, 15 mm and 20 mm, were used for
the  purpose  of  comparison  of  the  computed  and  experimental  results.  The  average
percentage error between the computed and experimental results was used as the criteria
for  the  selection  of  the  values  for  all  the  parameters  explored  within  this  model
development. The peak strain value and the recovery value were both used for the purpose
of comparing the computed and experimental results.
5.4.1 Stage 1: Preliminary investigation
Four parameters of the finite element model  were identified for attending to in
some detail during a preliminary phase of the analytical study:
· Young’s modulus of steel
· Yield stress of steel
· The mesh size
· Boundary conditions
In this preliminary investigation the static stress strain relation for mild steel is
used (Fig. 5.4).  Post  yield tension hardening was ignored. The strain  rate  dependence
features  provided  by  ABACUS  were  also  not  used.  The  increase  in  strength  was
determined  by  a  trial  and  error  method  by  comparing  the  percentage  errors  in  the
computations when different yield stress values were used for steel. 
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An initial value was chosen for each of the four parameters mentioned above:
Young’s modules: 209 GPa
Yield stress: 800 MPa
Mesh size: An element thickness of 1 mm and length 5 mm.
Boundary conditions: Pinned at both bottom and top surface.
The effect of changing each parameter on the percentage error of the computations was
then  individually  investigated.  While  the  effect  of  a  particular  parameter  was  being
investigated the values of the remaining three parameters were fixed at their initial values.
Young’s modules of steel
 The Young’s modulus of steel is expected to increase at high strain rates. The
effect  of  changes  in  this  parameter  on  the  percentage error  of  the  computations  was
investigated. 
Four different values of young’s modulus of steel were used in this part of the
exploratory study: 157 GPa, 209 GPa, 314 GPa and 418 GPa (representing 75, 100, 150
and 200 percent of the actual static elastic modulus of steel of 209 GPa). 
The percentage errors between the computations and the experimental results for
both  the  peak  strain  and  the  recovery for  each  value  of  the  Young’s  modulus  was
calculated and is listed in Table 5.2.
As can be seen from Table 5.2, the percentage error in the computations of the
peak  strains  decreased  as  the  Young’s  modulus  value  was  increased.  The  Young’s
modulus value of 314 GPa recorded the least error of 11% in the computations. Thus at
high strain rates the Young’s modulus of steel seemed to have increased as expected.
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However the percentage errors in the computations of the recovery did not coincide
with the above trend. As the Young’s modulus value was increased the percentage error in
the computation of the recovery value decreased. The computations indicated very low
recoveries at higher values of Young’s modulus.
Thus based on the contradicting trends, it cannot be convincingly concluded that a
higher  Young’s  modulus  value  decreases  the  percentage error  of  the  computations  at
higher strain rates. Judging from the errors in computations of both the peak strain and the
recovery it was decided to retain the actual Young’s modulus of mid steel of 209 GPa.
 
The Yield Stress of Steel
Yield stress of steel varies with the strain rate of loading. Due to the relatively high
strain rate loading in the experiments being investigated, it would be expected that steel
would behave as if it had a strength which is greater than its static yield strength. Thus five
yield stress values were investigated here in. Starting from the theoretical static yield stress
for mild steel of 275 MPa, the yield stress value was increased to values of 450 MPa, 500
MPa, 600 MPa and 800 MPa
The first trial was run using the static yield stress of grade 43 mild steel of 275
MPa.  The  peak  strains  were  significantly higher  than  the  actual  values  indicating  an
increase in  yield stress  under  dynamic loading as  expected.  As  the  yield  stress  value
increased the peak strains decreased as expected. The percentage errors for both the peak
strain  computation  and  the  recovery computation  for  each  case  of  yield  stress  value
investigated is summarized in Table 5.3.
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The average peak strain percentage errors were 2% for a yield stress value of 500
MPa. The average percentage error in the recovery compuations were 65% for this case
but this was still the least percentage error for the values of yield stress tried.
Based on the above results from the test runs the value of 500 MPa was chosen.
However thicker specimens experienced lower peak strains and therefore lower strain rates
during impact. Since the increase in yield strength of steel is related to the strain rate, it
was  required  to  have  a  proportional  adjustment  of  the  increment  in  yield  strength
corresponding to the strain rates experienced by each specimen. A fixed yield stress value
of  500  MPa  was  therefore  only  an  initial  approximation  indicating  the  range  of  the
increased yield stress. Further rigorous calibration by incorporating the strain rate effect
within the material model was employed in the second stage of the model development.
The mesh size
In general the smaller the size of the mesh the greater is the accuracy of the results in
finite  element  modeling.  However a very small  mesh size  leads to  an increase in  the
number  of  calculations  and  the  error  term  gets  magnified  and  achieves  relatively
significant proportions. Thus an optimal mesh size would exist that minimizes deviation
of results from the experimental results. This optimal value was explored using trial and
error.
For the wire elements used the mesh size is defined by both the thickness and the length
of the element. Four different mesh sizes were investigated (Fig. 5.5):
· Element thickness of 2.5 mm 
o Element length of 10 mm (Fig. 5.5a)
o Element length of 5 mm (Fig. 5.5b)
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· Element thickness of 1 mm 
o Element length of 5 mm (Fig. 5.5c)
o Element length of 2.5 mm (Fig. 5.5d)
The percentage errors in the computed results for the peak strain and the recovery
when compared to the experimental results for each mesh size mentioned above are listed
in Table 5.1.
It can be seen from the table that in both the cases of peak strain and recovery, the
percentage error in the computations seemed to decrease as the mesh size was decreased.
However for the last extremely fine mesh the percentage errors seemed to have increased
over the previous relatively coarser mesh.
Based on the above results the optimal mesh refinement was chosen as an element
with a 1 mm thickness and 5 mm length.
Boundary Conditions
Finally the effect of the boundary conditions on the accuracy of the computations
was also explored. Chapter 3 explains the exact laboratory conditions for the experiments.
The edge conditions around the 100 mm diameter impact portion of the specimens were
neither fixed nor pinned. Different combinations of boundary conditions were tested here
to see which set of conditions record the minimum percentage error in the computations of
the peak strains and the recovery.
Initially only the 100 mm portion of the specimen that was exposed directly to the
impact head was modeled. The boundary conditions were assigned to the edge elements. 
85
                                                              Chapter5: Analytical Modeling of Impact Response
A pinned  condition  represents  restraint  against  translation  alone  while  a  fixed
condition represents restrain against rotation as well. Five different boundary conditions
were tried (Fig. 5.6): 
· Single pin: Only the bottommost element at the far end is pinned. (Fig. 5.6a)
· Pinned: The bottommost and the topmost elements at the far end of the specimen
were pinned. (Fig. 5.6b)
· Fixed: The bottommost and the topmost element at the far end of the specimen
were fixed. (Fig. 5.6c)
· Fully pinned: All the elements at the far end of the specimen were pinned. (Fig.
5.6d)
· Fully fixed: All the elements at the far end of the specimen were fixed. (Fig. 5.6e)
The percentage errors in the computations of the peak strain and the recovery using the
above boundary conditions were calculated and are recorded in Table 5.4a. It is seen that
using pinned conditions recorded much lower percentage errors in the computations. 
Attempts were also made to model the entire experimental setup instead of only
the 100 mm exposed portion of the specimen. The 10 mm thick cover plate on top of the
specimen and the 20 mm bottom plate below the specimen were also modeled using the
same 1 mm thick and 5 mm long axisymmetric wire elements. The full specimen was now
modeled. Again two end conditions were tried with this setup, pinned and fixed. However
in this case the conditions were assigned to the ends of the top and bottom plates holding
the specimen in between them rather than to the specimen (Fig. 5.7). 
The results of this investigation are reported in Table 5.4b. The average percentage
errors for peak strain were 30% and 32% and those for recovery were 90% and 94% for
the fixed and pinned conditions respectively. 
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Thus  extending  the  modeling  beyond the  exposed  portion  of  the  specimen  by
incorporating the cover plates and the entire specimen did not improve the accuracy of the
computations.
Based on the above results the pinned condition using only the 100 mm exposed
portion of the specimen in the model was chosen.
5.4.2 Stage 2: Model refinement
The preliminary investigation stage outlined above arrived at the following values for the
four parameters investigated:
· The mesh size: 1mm thickness and 5 mm in length.
· Young’s modulus of steel: 209 GPa
· Yield stress of steel: 500 MPa
· Boundary conditions: The bottommost and topmost element at the far end to be
pinned with only the central 100 mm impacted portion of the plate being modeled.
In this second stage of the model development the stress strain relation for steel is
further refined. The material  model  is  changed to include the tension hardening effect
exhibited by mild steel. The increase in yield stress at higher strain rates that was observed
in stage one is looked into in more depth to try and incorporate it  within the material
model for steel.
As observed in stage one, a yield stress value of 500 MPa seemed to record the
lowest errors in computations. This implies an increase in yield strength of mild steel to
180% of  its  static  strength  of  275  MPa.  It  is  generally accepted  that  steel  exhibits  a
strength which is somewhere between 120% to 130% of its static strength when loaded at
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higher strain rates. The apparent increase of strength to 180% of the static strength was not
realistic. This was further investigated by measuring the actual stress strain behavior of the
mild steel that was used in the experiments.
Secondly, it was also observed that for thicker plates, the inflated yield strength
value of 500 MPa used seemed to underestimate the experimental strain values. This was
probably because for the thicker plates, the peak strain reached and therefore the strain rate
achieved in  the  experiment  is  lower.  This  would mean that  for  the  thicker plates,  the
apparent increase in yield strength due to higher strain rates should also be lower than for
thinner plates. This increase in strength should therefore be modeled as being proportional
to the strain rate achieved rather than as a fixed amount for all the plates. These issues are
addressed in this refinement stage.
True stress strain relation of steel
The steel plates used throughout the experiment were made of mild steel grade 43
with a yield strength of 275 MPa. However when tested in the laboratory it was found that
these plates exhibited significant tension hardening beyond yield and achieved a maximum
strength of 475 MPa before failure (Fig.5.8a). It was also seen that the actual yield stress
of the steel was only about 250MPa (Fig.5.8b). The Young’s modulus was found to be
about 200 GPa as against the commonly accepted value of 209 GPa. A tri-linear stress
strain  curve  with  yield stress  at  275 MPa  and  maximum  stress  at  475  MPa  with  an
approximated linear tension hardening was used to substitute the true stress strain curve of
steel (Fig.5.9). This idealized curve used a Young’s modulus of steel of 200 GPa.
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Material model refinement
The material model from the model described in stage one of the validation was
then changed by incorporating this approximation for the stress strain relationship of steel
instead of the perfectly plastic model used earlier. The simulation was conducted without
accounting for any strain rate effects initially.  The peak and residual strains obtained from
this  computation  are  reported  in  Table  5.5.  The  values  of  percentage  errors  in  the
computations of the peak strains and the recovery is also included in the table. There was a
20% average error in the computation of the peak strains. It was also seen that the peak
strains obtained by using this static stress strain graph for steel was overestimating the
peak strain reached during the experiment.  An apparent increase in the strength of the
material  due  to  the  high  strain  rates  reached  was  therefore  obvious.  The  average
percentage error in the computation of the recovery was 70%.
Incorporation of strain rate effect within the material model
The effect of the strain rate was then incorporated into the model by using the yield
ratio option provided by ABACUS. The yield ratio is defined at different values of strain
rates and the model multiplies the static stress strain curve by the yield ratio at the strain
rate achieved during the experiment to obtain the stress strain curve for the material under
dynamic conditions. A yield ratio of 1 was set for a strain rate of 0 s-1 and a yield ratio of
1.5 was set when a strain rate of 50 s-1 was achieved. For strain rates between 0 and 50 the
yield ratio is obtained by linear interpolation between the values of 1 and 1.5. Therefore a
strain rate of 25 s-1 would imply a yield ratio of 1.25, or a 25% increase in strength due to
the strain rate effect.
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For  all  steel  plates  the  peak  strain  was  reached  in  about  1  ms.  Thus  an
approximation of the average strain rate achieved for each test can be easily calculated by
dividing this peak strain by 1 ms. For the 10 mm plate the strain rate was therefore about
28 s-1 and for the 15 mm plate it was about 20 s-1 and 16 s-1 for the 20 mm plate. Thus
using linear interpolation we have yield ratios of  1.28, 1.20 and 1.16 for the 10, 15 and 20
mm plates respectively. This implies a 28% increase in strength for the 10 mm plate, a
20% increase for the 15 mm plate and a 16% increase for the 20 mm plate. When this
proportional increment to the strength depending on the strain rate was used, the models
computations for  peak strains  seemed to  agree almost  precisely with  the experimental
results. The computed values of the peak strains and the recovery using this strain rate
dependent material model and the experimentally obtained values are reported in Table
5.5.  An average percentage error of  4% was obtained for  the peak strain values.  The
average percentage error in the computation of the recovery was however still 66%.
5.5 Conclusions
This chapter described the methods used to develop the finite element model that
was  used  for  the  analysis.  Four  important  parameters  that  affected  the  results  were
identified and the effect of each of these on the accuracy of the computations was studied
by a detailed trial and error method. Finally a model was chosen with the values for the
above parameters which minimized the errors in the computations. The following values
were chosen:
· Mesh Size: 1 mm thick wires with 5 mm element length.
· Young’s Modulus of Steel:  200 GPa.
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· Yield stress of steel: A static yield strength of 275 MPa was used with linear strain
hardening up to a strength of 475 MPa. The effect of strain rate was incorporated
by using a model that caters via a proportional increase in yield stress from the
static strength for steel depending on the strain rate achieved.
· Boundary conditions:  Extending the modeling and therefore the analysis beyond
the  100  mm  diameter  exposed  portion  of  the  specimens  was  not  found  to  be
beneficial.  Analysis  was  therefore  restricted  to  a  100  mm  diameter  plate
representing the exposed portion of the specimen. The end condition for this plate
that minimized the computation error was the pinned condition with a simple pin
support at the top and bottom edge of this plate.
It was seen that the experimental results were computed with a very good accuracy
when the analysis was conducted using a model with the characteristics mentioned above.
The error margin for estimation of the peak strain was found to be within 2% for the three
plates investigated. 
A finite  element  model  with  the  above characteristics  was  used  for  all  further
analysis. All test specimens that were tested in the laboratory were analyzed using this
model. The result of this analysis is described in detail in Chapter 6. 
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Notes:
E% refers to the percentage error in the computations.      




t=2.5, s=100 t=2.5, s= 50 t=1, s=50 t=1, s= 25
Strain E% Strain E% Strain E% Strain E%
10 mm 0.0294 0.0073 75 0.0238 19 0.0246 16 0.0234 20
15 mm 0.0195 0.005 74 0.0146 25 0.016 18 0.0141 28
20 mm 0.0167 0.0008 95 0.0144 14 0.0148 11 0.0132 21
Average 81 19 15 23
Recovery
Plate Real 2.5 , 100 2.5,  50 1, 50 1, 25
Strain Strain E% Strain E% Strain E% Strain E%
10 mm 0.0245 0.0008 97 0.0033 86 0.0051 80 0.0029 88
15 mm 0.0115 0.001 91 0.0021 82 0.0046 60 0.0031 73
20 mm 0.0055 0 100 0.0021 62 0.003 45 0.0014 74
Average 96 77 62 78
Notes:
‘t’  and ‘s’  refer to  the wire thickness and the element size (in mm) respectively.
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E = 157 GPa E = 209 GPa E = 314 GPa E = 418 GPa
Strain E% Strain E% Strain E% Strain E%
10 mm 0.0294 0.0222 24 0.0246 16 0.0247 16 0.0236 20
15 mm 0.0195 0.0163 16 0.016 18 0.0191 2 0.0188 4
20 mm 0.0167 0.0119 29 0.0148 11 0.0143 14 0.0146 13




E = 157 GPa E = 209 GPa E = 314 GPa E = 418 GPa
Strain E% Strain E% Strain E% Strain E%
10 mm 0.0245 0.0051 79 0.0051 79 0.0006 98 0 100
15 mm 0.0115 0.0047 59 0.0046 60 0.001 91 0.0003 97
20 mm 0.0055 0.0032 42 0.003 45 0.0005 91 0 100
Average 60 61 93 99




Ys = 275 MPa Ys = 500 MPa Ys = 600 MPa Ys = 800 MPa
Strain E% Strain E% Strain E% Strain E%
10 mm 0.0294 0.0388 32 0.0298 1 0.0268 9 0.0246 16
15 mm 0.0195 0.0272 39 0.0198 2 0.0183 7 0.016 18
20 mm 0.0167 0.0196 17 0.0163 2 0.0141 16 0.0148 11




Ys = 275 MPa Ys = 500 MPa Ys = 600 MPa Ys = 800 MPa
Strain E% Strain E% Strain E% Strain E%
10 mm 0.0245 0.0028 89 0.0041 83 0.0047 81 0.0051 80
15 mm 0.0115 0.0024 79 0.0032 72 0.0035 70 0.0046 60
20 mm 0.0055 0.002 64 0.0034 38 0.0022 60 0.003 45
Average 77 64 70 62
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Simple Pin Pinned Fixed Fully Pinned Fully fixed
Strain E
%
Strain E% Strain E% Strain E% Strain E%
10 mm 0.0294 0.025 15 0.0246 16 0.0215 27 0.0232 21 0.0218 26
15 mm 0.0195 0.0168 14 0.016 18 0.0167 14 0.0168 14 0.0164 16
20 mm 0.0167 0.0145 13 0.0148 11 0.0116 30 0.0112 33 0.0121 28




Simple Pin Pinned Fixed Fully Pinned Fully fixed
Strain E
%
Strain E% Strain E% Strain E% Strain E%
10 mm 0.0245 0.0035 86 0.0051 79 0.005 80 0 100 0 100
15 mm 0.0115 0.0029 75 0.0046 60 0.0016 86 0.0001 99 0 100
20 mm 0.0055 0.003 45 0.003 45 0.002 64 0.0009 84 0.0001 98
Average 69 61 77 94 99





Strain E% Strain E%
10 mm 0.0294 0.0189 36 0.0199 32
15 mm 0.0195 0.015 23 0.015 23






Strain C.R Strain C.R
10 mm 0.0245 0.0019 94 0.002 92
15 mm 0.0115 0.001 95 0.0007 94
20 mm 0.0055 0.0012 93 0.0009 84
Average 94 90
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Static Strength With Rate Effect
Strain E% Strain E%
10 mm 0.0286 0.0316 11 0.0275 4
15 mm 0.0195 0.0247 27 0.0203 4





Static Strength With Rate Effect
Strain E% Strain E%
10 mm 0.0239 0.0031 87 0.0034 86
15 mm 0.0115 0.0028 76 0.0033 71
20 mm 0.0055 0.0029 47 0.0032 42
Average 70 66
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10 mm Solid plate
10 mm Axysymmetric shell
15 mm Axysymmetric shell
15 mm Solid plate
20 mm Solid plate
20 mm Axysymmetric shell
Figure 5.1: Modeling with solid and axisymmetric elements
Figure 5.2: Element mesh of plate (Plan View).
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Mild steel plate 
made of layers of 
shell elements 
 
Figure5.3: Hammer and Plate as modeled.










Figure 5.4: Idealized stress strain curve for steel used in stage 1 of the model development
97
                                                              Chapter5: Analytical Modeling of Impact Response
Figure 5.5a: 2.5 mm wire thickness with 10 mm element size.
Figure 5.5b: 2.5 mm wire thickness with 5 mm element size
Figure 5.5c: 1 mm wire thickness with 5 mm element size.
Figure 5.5d: 1 mm wire thickness with 2.5 mm element size. 
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Figure 5.6a: Single pin boundary condition.
Figure 5.6b: Pinned boundary condition.
Figure 5.6c: Fixed boundary condition.
Figure 5.6d: Fully pinned boundary condition.
Figure 5.6e: Fully fixed boundary condition.












                                                              Chapter5: Analytical Modeling of Impact Response
Figure 5.7a: Pinned boundary condition.
Figure 5.7b: Fixed boundary condition.














































Young's Modulus of about 160GPa
  
Young’s Modulus of about 200 GPa 
Figure 5.8b: Elastic portion of the true stress strain curve of mild steel
Figure 5.8: Stress strain curve for mild steel used in experiments obtained from a lab test.
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Youngs Modulus = 160 GPa
Yield Strength = 275 MPa
Ultimate Strength = 475 MPa
   
Young’s Modulus = 200 GPa 
 
Figure 5.9: Idealized stress strain curve for steel used in the modeling.
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CHAPTER 6
Results of the Analytical Modeling
6.1 Introduction
Discussed in this Chapter are results obtained from the analytical simulation adopting the
model  developed in  Chapter  5  of  the  impact  experiments  on steel  plates  described in
Chapter  3.  The  parameters  discussed  here  in  particular  are  the  strain  time  history,
displacement time history and stress time history of each of the steel plates tested.
6.2 Analytical model
Certain parameters were decided upon during the development of the analytical model in
Chapter 5. Shell elements were used with a thickness of 1 mm and an element length of 5
mm. A static yield strength of 275 MPa was used with linear strain hardening up to a
strength of 475 MPa. The effect of strain rate was incorporated by expressing the increase
in yield stress of the plate as a function of the plate thickness. The Young’s modulus of
steel was taken to be 200 GPa which was the value measured in the experiments. Pinned
boundary conditions were used and only the central circular portion of the plate, of a 100
mm diameter, was modeled. These parameters were chosen because the resulting model
produced computations that matched the experimental measurements of peak strains and
recovery for the three steel plates of 10, 15 and 20 mm thickness.
This model is now used to obtain computations for the 25 mm thick steel plate as well as
the two double steel plate specimens tested in the laboratory. In addition, this model is
used to compute the response of three more steel plates of thicknesses 30, 40 and 50 mm
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respectively when  subjected  to  a  similar  impact.  The  model  is  also  used  to  generate
deflection time and stress time responses for all of these steel plates.
6.3 Central strains
Central strains refer to the strain measured on the bottom steel plate right below the point
of impact, using a strain rosette taking the average of the three readings as reported in
Chapter 4. 
Strain time response:
The measured strain time profile exhibited a trend characteristic of all  the tests.
The  strain  reached  a  peak  value  well  beyond  the  elastic  limit  within  the  first  one
millisecond of the impact and then recovered to settle at a residual strain within the next 2
milliseconds. The strain then remained at this residual value. The key changes in central
strain  therefore  happened  within  the  first  three  milliseconds  of  the  impact.  The
computations from the model also exhibited the same trend (Fig. 6.1). The model also
computed  a  time  to  peak of  about  1  millisecond  and  a  time  of  recovery of  about  2
milliseconds on an average for all the specimens. Thus the model developed based on the
peak strain and recovery values also calculated the time to peak as well as the time taken
to recover to match the corresponding experimental values closely.
Elastic Vibrations:
The experimentally measured strain time response contains small undulations which may
be  considered  as  elastic  vibrations  of  small  amplitude  and  high  frequency.  These
vibrations are not apparent in the results computed by the model. Indeed no attempt was
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made  when  conducting  analytical  computations  to  capture  these  vibrations  into  the
analysis, the  key objective  being the  studying of  the  main  features of  the  strain-time
response containing a peak strain followed by a steady recovery to arrive at a residual
strain.  During  the  experiments  strain  data  were  collected  at  the  sampling  rate  of  0.2
million samples per second representing a capture once every 0.005 milliseconds enabling
the capture of such high frequency vibrations. However in the FEM computations the time
step was set at 0.25 milliseconds to ensure viability of computations. The cycle time of the
observed elastic vibration is much smaller than 0.25 milliseconds and therefore such strain
variations could not  have been captured in the computations.  On the other hand these
vibrations also depend on the natural frequency of the actual test set up which was not
modelled in full for the analytical computation. 
Peak Strains:
In the development of the FEM model, the model features were chosen such that the
computations for the peak strain of plates of thickness 10, 15 and 20 mm matched the
values recorded in the experiments. However this model was now used to compute the
peak strains for the steel plate of 25 mm thickness as well as for the two double steel plate
specimens that were tested in the laboratory. The model computed these peak strains very
accurately as well. The average error in the accuracy of the computations was only 9%
(Table 6.1).
Recovery:
The recovery was defined as the difference between the peak strains and the final residual
strains.  From the  experiments  it  was  noted  that  for  plain  steel  plates  the  amount  of
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recovery  from  the  peak  strain  decreased  as  the  steel  plate  thickness  was  increased.
However since  the  peak strain  itself  decreased as  the  thickness  was increased, it  was
decided to express the recovery as a percentage of the peak strain reached. This percentage
of recovery could then be compared for different plates rather than compare the absolute
values of recovery. It was noted that the recovery when expressed as a percentage of the
peak  strain  also  decreased  steadily  as  the  steel  plate  thickness  was  increased  in  the
experiments  (See Section 4.3.1 of Chapter 4).  The FEM did not  seem to reflect these
results as accurately. The drop in the absolute value of the recovery as the steel plate
thickness increased was also recorded by the FEM computations. But the amount of this
drop in absolute value was much lower in the computed results than was the case in the
experimental  results.  The experiments  recorded extreme  amounts  of  recovery for  thin
plates which the  computations did not  (Table 6.2).  While  a 10 mm plates recorded a
recovery of 0.0239 strains in the experiments, the model only computed a value of 0.0034
strains.  However  as  the  plates  got  thicker  this  discrepancy  between  the  two  results
decreased and the computations for the recovery amount by the FEM was pretty accurate
for thicker plates (Fig. 6.3a). But when expressed as a percentage of the peak strain , the
values decreased with increase in plate thickness for the experiments but an opposite trend
was recorded by the computations. This discrepancy in computations is again due to the
inability of the FEM to compute the high amounts of recovery exhibited by the thin plates
in the experiments. The values of recovery for all the steel plates for both the experiments
and the FEM computation are given in Table 6.2. There was an average error of estimation
of about 48% between the FEM simulation and the experimental results. This error was
86% for the 10 mm plate but only 4% for the 25 mm plate. Thus the model’s computations
were accurate for thicker plates but cannot be used to simulate the actual recovery for
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thinner plates. (Fig. 6.3b).
It must be noted here that the peak strain values for the experiments and for the
model computations were almost exactly the same for all tests as discussed earlier. This
therefore enables us to make comparisons directly on the recovery values and percentages
between the experiments and the computations without having to account for the effect of
any differences in the peak strain itself. 
The recovery amounts in excess of the FEM computations that were exhibited by
the thinner plates would have to be attributed to a special quality of thin plates which the
FEM did not incorporate. In the experiments, shear sliding was observed at the edges of
the circular impacted portion for the thinner plates. This shear sliding occurs due to the
punching shear stress at the edge. The model chosen for the simulation did not incorporate
this effect.  This could be one of the reasons for the discrepancy in results for thinner
plates. 
Thus the model used for computations here in can be used to compute recovery for
thicker plates quite accurately.
Double Steel Plates: 
Two laboratory tests were conducted using two steel plates held together as the test
specimen. It was observed that two plates held together recorded slightly higher strains
than one single plate of equivalent thickness (See section 4.3.2 of Chapter 4). The FEM
computations also revealed the same observation. Two 5 mm plates held together recorded
a peak strain of 0.0284 as against a peak strain of 0.0275 recorded by a single plate of
thickness 10 mm for the FEM computation. Similarly two 10 mm plates held together
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recorded a peak strain of 0.0160 as against a peak strain of 0.0158 recorded by a single 20
mm steel plate. 
While no strain value was recorded for the specimen with two 5 mm plates in the
experiments,  failure  of  the  gauge  would  imply  a  peak  strain  of  above  0.03.  The
computation gave a peak strain of 0.0284. For two plates of 10 mm each held together, the
experimental results recorded a peak strain of 0.0179 while the FEM computed a value of
0.0160. Thus the FEM computations were smaller than the experimental values in both
cases (Table 6.3). Only the second test could be used to confirm the accuracy of the model
in computing peak strain for such double plates. The computation for this specimen was
within 10% of the experimental value. 
More tests will have to be conducted on double steel plate specimens before conclusions
can be made on trends. But from the two tests conducted and modeled, it is seen that a
single steel plate of equivalent thickness records slightly lower strains than a system with
two plates held together. A possible reason for this could be the increased stiffness that a
single plate offers in comparison to two plates held together.
Strains v/s Plate Thickness:
Peak strain calculations of the FEM were extremely accurate. The model could therefore
be used to compute the peak strains reached for steel plates of different thickness. Other
than the 4 steel plates for which the peak strain value was obtained from the experiments,
4 other plates were tested using the finite element model (Table 6.4). Peak strains for steel
plates of thickness 5, 30, 40 and 50 mm were obtained by simulation.  Residual strain
computations are also tabulated. 
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As the steel plate thickness increased the peak strain value decreased at a decreasing rate
(Fig.  6.4).  This  decreasing change  relative  to  incremental  thickness  of  steel  was  also
observed in the experimental results (Section 4.3.1 of Chapter 4). 
However the trend computed by the FEM for the residual strains reflected the trend
computed  for  the  peak  strains  very  closely  while  this  was  not  the  case  with  the
experimental results (Fig. 6.4). While the FEM computed a decrease in the residual strains
with increasing steel plate thickness, a reverse trend was observed in the experiments. This
is  again  due  to  the  extreme  amounts  of  recovery exhibited  by  thinner  plates  in  the
experiments which could not be simulated within the FEM.
The possibility of an exponential relation between the peak strains and the steel
plate thickness was explored using a linear regression software. The log, to the base ‘e’, of
the peak strain seemed to plot on a straight line against the steel plate thickness (Fig. 6.5).
An  ordinary  least  squares  regression  was  conducted  which  predicted  the  following
equation for the relation between peak strain and plate thickness:
ln (p) = -3.31 – 0.035(t)                  (6.1)
Thus   
p = 0.036 e-0.035 t      (6.2)
where 
‘p’ referes to the peak strain  
‘t’ refers to the steel plate thickness in mm.
The coefficient of determination, or R2 for this regression was 0.942 indicating a
good fit (Table 6.10).
The residual strains computed by the FEM were also regressed in a similar fashion
on a log scale (Fig. 6.4b). The equation obtained was:
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ln (r) = -3.41 – 0.040 (t)                  (6.3)
Or
r = 0.033 e –0.040 t                  (6.4)
where 
‘r’ refers to the residual strain 
‘t’ refers to steel plate thickness in mm.
The  coefficient  of  determination,  or  R2 for  this  regression  was  0.941  again
indicating a very good fit (Table 6.11).
Thus equations linking the steel plate thickness and the peak and residual strains have
been obtained by regression. However only the equation for the peak strain explains the
experimental results. The equation for residual strains only reflects the FEM computations.
While the coefficients of these equations would change subjective to the exact nature of
the experiment and the velocity and mass of the projectile, a general exponential relation
between the steel plate thickness and the peak strain that the plate would be subjected to
under a hard local impact seemed to exist as seen from the computed results as well as the
experimental results. Thus the relation was observed to be of the form: 
p =  e-t      (6.5)
where 
‘p’ is the peak strain reached at the point below the impact 
‘’ and ‘’ are coefficients depending on the mass, shape, and velocity of projectile
‘t’ is  the steel plate thickness in mm.
The model  did not make calculations for the entire test plate and test  frame as
mentioned earlier. Pinned boundary conditions were assumed at the edge of the central
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impacted portion of the specimen. The peak strains were calculated accurately in spite of
this approximation. It seems, therefore, that the coefficients  and  would depend on the
characteristics of the projectile and the material of the specimen, but not as much on the
exact nature of the frame or size of the specimen. What is essential though is that the
impact be local in nature subjecting the plate to a punching load with regions around the
impact on the plate having enough rigidity to prevent bending. Further experiments would
have to be conducted to explore in detail the effect of the projectile mass and projectile
velocity on the coefficients   and  . Other variables like the material properties of the
projectile and also that of the target could possibly be incorporated into these coefficients.
However this exponential trend was exhibited within the scope of this experiment which
only covered steel plates and some laboratory tests on other materials would have to be
conducted  to  confirm  that  the  exponential  relation  between  peak  strains  and  plate
thickness holds for a whole range of materials.
Time to peak strain and strain rate 
The time to peak was seen to be a function of the steel plate thickness in Chapter 4.
The FEM recorded data at a frequency of 0.25 milliseconds. This frequency was chosen as
it seemed to be optimal to capture the strain time response. However with this frequency
the exact time to peak strain could not be obtained. But for all the plates tested using the
FEM, the peak strain was found to have occurred somewhere between 1 millisecond and
1.25 millisecond. The FEM was consistent in its time to peak across all the plates tested.
Thus the FEM did not seem to recognize the effect of steel plate thickness on the time to
peak which was observed in the experiments. Thin plates of thickness 5 and 10 mm as
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well as the thickest plate tested of thickness 50 mm all registered their respective peak
strains somewhere between 1 and 1.25 milliseconds.
In Chapter 4 the following equation was established for the time taken to peak:
c = 0.57 + 0.028(t)
If this equation for the time to peak was combined with equation 6.5 we can arrive at an
equation that  establishes  a relation between the  average strain rate  and the  steel  plate
thickness.  The  average strain  rate  is  being  approximated  by dividing  the  peak  strain
reached by the time taken to peak. The equation for average strain rate which is obtained




      (6.6)
where c is the strain rate on steel plate right below center of impact,
t is the steel plate thickness in mm and,
A,B,C and D are coefficients depending on the properties of the impact hammer.






The hoop strains were also measured at a radial distance of 25 mm from the center of the
impact  on  the  bottom  surface  of  the  steel  plates  during  the  experiments.  The  FEM
computations  for  these  strain  values  was  not  accurate  for  thin  plates.  The  average
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percentage error in the accuracy of the computations was as high as 50% (Table 6.6). The
recovery was again quite large for thin plates in the experiments but this could not be
reproduced in the finite element model. But as the plates got thicker, the accuracy of the
computations of the recovery by the FEM was more accurate. Just as was the case with the
central strains, the computed recovery accurately matched the experimental recovery for
the 25 mm plate but did not do so for the thinner plates (Fig 6.6).
6.5 Thin plates
The laboratory experiments coupled with the FEM calculations clearly indicate a
difference in behavior of thin plates under this kind of hard lateral impact. A thinner plate
is known to behave in a more ductile manner, like a membrane, than a thicker plate. In the
experiments conducted, thinner plates exhibited a very high amount of recovery in strains
from the peak value reached immediately after the impact.  The FEM however did not
seem to incorporate this thin plate effect in its computations. From a comparison of the
experimental results and the FEM computations, a plate of thickness 25 mm seemed to be
thick enough for the thin plate effects to become negligible. This specific thickness of 25
mm is identified because of three reasons. 
First the experimental recovery and the computed recovery when plotted against
steel plate thickness, seem to coincide at a plate thickness of 25 mm. This can be seen
clearly in figures 6.3a and 6.3b. It is also noticeable on figure 6.4 that the experimental
residual strain trend-line intersects the FEM computed trend-line somewhere between 20
and 25 mm plate thickness. For steel plates of thickness less than 25 mm the experimental
recovery is more than the FEM computation for the corresponding recovery, but the gap
113
                                                                        Chapter6: Results of the Analytical Modeling
between the experimental and computed value decreases steadily until the two coincide at
a plate thickness of 25 mm. 
Secondly it was already pointed out in Chapter 4, Section 4.4.1 on dent depths of
single steel  plates that the dent depths for a 5, 10, 15 and 20 mm plate seemed to fit
exactly on a straight line on a semi log scale but the dent depth for the 25 mm plate did not
fit on this straight line (See Figure 4.15b in Chapter 4).
A third indication of a special significance of a 25 mm plate thickness comes from
the comparison of time taken to reach peak strains for the central and the hoop strains.
From figure 4.17 in Chapter 4, it is seen that the time to peak for the hoop strains is greater
than time to peak for central strains for thin plates but this difference diminishes as the
plate gets thicker. The 25 mm plate recorded almost the same time to peak for both the
central and hoop strains.
 This could be simply be because the thinner the plate, the greater the difference
between the diagonal distance from the point of impact on the top surface of the plate to
the point 25 mm away from the center on the bottom surface, and the thickness of the
plate. Thus the stress wave has to travel relatively a much smaller distance to reach the
point where central strains are measured than the point where the hoop strain is measured
resulting in higher values of time to peak for the hoop strains.  As the plate thickness
increases, the diagonal distance to the point of measurement of hoop strain gets closer in
value to the thickness itself. This is clear from the simple trigonometric relation between
the two distances:
D2 = t2 + (25)2  (6.7)
Or
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625tD 2      (6.8)
where 
D is the diagonal distance from the point of impact to the point 25 mm radially away from
the center on the bottom surface and,
t is the plate thickness
Thus it is clear from equation (6.8) that as t increases, the value of D gets closer to the
value of t and the relative distances between the point of impact on the top surface and the
two points on the bottom surface where data is collected, drops. As thickness increases,
the time for the stress wave to reach the bottom of the plate should increase and so the
time to peak should increase with increase in thickness. In addition if the velocity of the
stress wave is assumed to be independent of the plate thickness, then the time to peak
should be directly proportional to the thickness of the plate.  This straight line relation
between the time to peak and plate thickness was computed by the regression equation in
Chapter 4. Logically, as t increases the value of D relative to t should drop and so the
difference between the time to peak for hoop and central strains should drop.
While the above simple explanation establishes a reason for the higher time to peak for
the  hoop strains  when compared to  the  central  strains,  it  still  does  not  recognize the
significance of a 25 mm plate where the two times seem to converge. The reason why the
time to peak drops when plate thickness  increases from 10 mm to 15 mm is still  not
established. 
The significance of the value of 25 mm for the steel plate thickness seems to be
evident from the experimental and computed results, but no explanation for this can be
attempted unless further tests are conducted specifically addressing this issue. It is seen
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that  thin  plates  seem to exhibit  some special  characteristics which the  FEM does not
recognize. Specific tests need to be conducted to understand in depth this issue of thin
plates and the exact point where a plate changes behavior from thin to thick plates. In the
experiments conducted, this point seemed to be a plate thickness of 25 mm. Section 6.2.6
on stress values also points out a change in trend at the 25 mm plate thickness.
6.6 Deflections and dent profile
The deflection against time profile was obtained from the FEM analysis for the point right
below the impact and for the point 25 mm radially away from the center on the bottom
surface of the steel plate. These two deflections are referred to as central deflection and
hoop deflection respectively. These deflection time profiles were not obtained during the
experiments. However the final dent profiles were obtained from the experiments and can
be used for comparison purposes. 
The deflection computed by the FEM exhibited a behavior very similar to the strains. The
value reached a peak within the first millisecond and then rebounded slightly to settle at a
residual plastic deflection within the next 2 milliseconds (Fig. 6.7). This behavior was
recorded  for  both  the  central  and  the  hoop  deflection.  The  hoop  deflection  was,  as
expected, smaller than the central deflection right below the point of impact at any point of
time.
The experimentally obtained dent depth value can be compared to the final residual
deflections computed by the FEM. The FEM computations were always (except for the
case of a 5 mm plate) overestimates of the actual residual deflection (See Table 6.7). The
average error in the accuracy of the FEM calculations was 17%. Thus the accuracy of the
computations of the residual deflections by the model is within reasonable limits. While so
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far most of the discrepancy between the experimental results and the FEM computations
have  occurred  in  the  thin  plates,  it  was  seen  that  the  computations  of  the  residual
deflection was most inaccurate for the thicker plates (Fig. 6.8).
The residual deflection just like the strain depends on the peak value and the recovery. A
comparison  was  drawn  between  the  amount  of  recovery in  strains  and  deflection  as
calculated by the FEM (Fig. 6.9). It is seen that the percentage recovery in deflections
follows closely the percentage recovery in strains. 
If the above trend reflected by the model computations were to be true then in the
actual experiment the high values of recovery in strain for thin plates should imply a high
value of recovery in deflections as well. Ironically this would mean that the residual values
of deflection, or the final plastic dent depth, should be smaller than the computed value for
thin plates and this difference should reduce as the plate gets thicker (just  like it  was
observed for the case of strains). This was not observed. The experimental dent depth for
the 5 mm plate was in fact much larger than the computed dent depth. 
A likely explanation for this discrepancy is that the dent not only depends on the
plate thickness and the thin plate effects but also on the shear sliding effect along the edge
of the hole in the frame in the actual experiment. The model however did not incorporate
this  effect  as  boundary condition  approximations  were made for  simplification.  These
shear sliding effects did not seem to affect the strain below the point of impact as the FEM
computations were still accurate. But this shear sliding at the edges was clearly observed
in the experiment and this increased the depth of the dent for thin plates. 
The assumption of pinned boundary conditions seemed to accurately compute the strains
but the assumption also could affect the ability of the model to compute deflections. The
actual  dent  profiles  were  horizontal  at  the  edges  looking  more  like  the  edges  of  the
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impacted portion were fixed while the FEM profiles did not flatten near the edges (Fig.
6.10). However fixed conditions used in the FEM did not seem to offer any reduction in
the discrepancy between the actual deflections and the computed deflections (Fig. 6.9). In
fact using fixed boundary conditions  within the  FEM resulted in  extremely inaccurate
computations of strain values. The hoop strains were even found to be negative when such
conditions were used. The experimentally recorded hoop strains were positive in all cases.
The pinned  conditions  seemed to  best  compute  the  actual  strains  as  was  explored  in
Chapter 5. The log to the base ‘e’ of the dent depths for plates of thickness 5, 10, 15 and
20 mm seemed to fit  perfectly on a straight line giving rise to an exponential  relation
between dent depth ‘d’ and plate thickness ‘t’ as defined in equation (4.2) in Chapter 4:
d = 27.1e-0.174t
The computations of the FEM for the residual deflections, or the dent depths also fitted
well on a semilog scale. The regressed equations were:
ln(d) = 1.87 – 0.046(t)    (6.9)
or
d = 6.51e-0.046t                (6.10)
where
d is the dent depth in mm and t is the steel plate thickness in mm
This regressed curve is plotted on Figure 6.8. The coefficient of determination, or
R2 for this regression was 0.914 indicating a good fit (Table 6.12). Thus the inability of the
FEM model to cater for the thin plate effects is again highlighted because of the difference
in the regressed curves for the actual dent depths and the FEM dent depths. Experimental
data for thick plates was not available to compare the computations of the FEM for these
plates.
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6.7 Stress time behavior
The stress in the radial direction at the center of the bottom surface of the plate and also at
a radial distance of 25 mm from this point were computed using the FEM. These stress
values are referred to as central stress and hoop stress respectively. These stress values
were not directly measured during the experiments.
The computed stress value peaked at a very high tensile value, typically much higher than
the yield stress of steel, and then rebounded and settled finally at a compressive value (Fig.
6.11). This type of stress time behavior was observed for all plates for both the central as
well as the hoop stress values.
It was seen that the time to peak for the central stress was always slightly lesser than the
time  to  peak  for  the  corresponding  strain  value.  The  strain  value  usually  took  1.25
milliseconds to reach the peak value in most of the computed strain time profiles, while
the central stress value reached the peak in 0.75 milliseconds and started dropping in value
immediately after that. Thus while the strains were still increasing at the point right below
the impact, the stress was already decreasing for this period of 0.5 milliseconds between
the 0.75 millisecond and 1.25 millisecond mark after the impact. From the idealized stress
strain curve (Fig. 5.11 of Chapter 5), it is expected that the peak stress will be reached
before the peak strains. This is because in all cases the peak stress reached the yield stress,
even after the slight increment in the yield strength due to the strain rate. Thus while th
strain was still increasing the stress had already reached the peak value and had started
recovering.
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The central as well as the hoop stress, in all cases settled at a compressive value. This
indicated that the initial response to the impact was one that induced tensile stresses at the
bottom of the plate as expected, but almost immediately a more than 100% recovery of
stresses took place resulting in a final compressive stress. However this massive stress
recovery could not result in an equivalent strain recovery because the strains during the
expansion phase had been stretched way beyond the elastic limit for steel. Most of this
strain was not recoverable. The stress strain response that is computed during the impact is
shown in Figure 6.12. 
The actual strain time response for four single steel plates, 10, 15, 20 and 25 mm, were
recorded in the experiments as discussed in Chapter 4. The actual stress strain curve for
the mild steel was also obtained (Fig. 5.10, Chapter 5). For the finite element modeling as
well, the strain time response was obtained. The stress strain curve that was used as an
input for this model is also known (Fig. 5.11, Chapter 5). 
However the stress strain curves shown in Chapter 5, both the actual curve and the
idealized one used as an input for the FEM, provide the entire stress strain behavior until
failure. Since in all cases, the strains reached a peak value and then recovered to settle at a
residual value, the recovery of stress from the peak stress reached was an important criteria
required for the analysis. The FEM assumes recovery from any plastic stress value at the
initial elastic modulus of the material. This value was 160 GPa without any consideration
for the strain rates. This elastic modulus increases slightly with the incorporation of the
strain rate effect within the model. This recovery will  occur till  the compressive stress
reaches the yield stress value. This assumption about the recovery is also made for the true
stress strain curve of mild steel (Fig. 6.13).
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Knowing the strain time response and the stress strain curve, a graphical method
using four quadrants can be used to derive the stress time response (Fig. 6.14). Starting
from a point on the strain time curve in the first quadrant one can use the stress strain
curve plotted in the second quadrant and a 45o line plotted in the third quadrant to trace out
the stress value corresponding to the strain value at which we started off. Doing this for a
series of points on the strain time curve will enable us to arrive at the stress time curve. A
program was written to carry out this graphical procedure numerically. This program was
used to derive the stress time curve from the actual strain time response and the actual
stress strain curve without accounting for any strain rate effect. The method was also used
to derive the stress time response that we would expect the FEM to calculate from the
strain time response that it computes and the stress strain curve that was input.
 Finally the stress time response computed by the FEM is compared to these two
derived stress  time  curves.  The two derived stress  time profiles  along with  the  FEM
computation for the stress time profile for four plates, 10, 15, 20 and 25 mm are plotted in
Figure 6.15. The differences between these three curves are within acceptable limits of
error. 
One consistent difference is that the derived stress time curve for the FEM and the
stress time curve calculated by the FEM reach a peak stress higher than that reached by the
derived  stress  time  curve  from  the  experimental  results.  This  difference  is  expected
because the FEM was programmed to incorporate the strain rate effect which would lead
to a marginal increase in the stress strain graph of steel, therefore leading to a higher peak
stress value.
Another consistent source of discrepancy between the three curves was that the
FEM computation for the stress time curve always recorded a higher peak stress than the
121
                                                                        Chapter6: Results of the Analytical Modeling
derived  stress  time  curve.  This  difference  probably occurs  due  to  a  difference  in  the
calculation of the strain rate. For the derivation of the stress time curve, the strain rate was
calculated by dividing the peak strain in the strain time response by the time taken to reach
this peak strain. This however is the strain rate achieved at the bottom surface of the steel
plate. The FEM calculates the strain rate as an average across the entire thickness of the
plate. As can be observed in the charts in Figure 6.15, the FEM estimation of the strain
rate is consistently higher than that obtained from the strain time response at the bottom of
the plate. This leads to a higher peak stress value for the FEM computations.
For the 10, 15 and 20 mm plates the recovery from peak strains was higher in the
experimental  results  than  in  the  computed  results.  Thus  it  is  expected  that  the  stress
derived from the experimental strain time results will also recover to a greater compressive
value than calculated by the FEM. This was indeed the case as can be seen in Figures
6.15a, 6.15b and 6.15c. However for the 25 mm plate the strain recovery computed by the
FEM was more  than  that  recorded in  the  experiments.  Thus  the  corresponding stress
recovery was also more in the FEM case as seen in Figure 6.15d.
It is also seen that the time taken to peak increased as the thickness of the plate
increased for the stress time profile derived from the experimental results while this was
not the case for the FEM stress time profile. This dependence of time to peak on steel plate
thickness was discussed in Section 6.2.2.
The derived stress time response for the experimental case as well as the computed
case typically reach the peak stress and remain at that value till the strain starts to recover,
at  which  point  even  the  stress  value  drops  from the  peak  tensile  value.  However  as
mentioned earlier, in the FEM computations of the stress time profile, the stress reaches a
peak and starts to recover even when the strains are still  rising. This is because of the
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discretization process where the FEM calculates the values for all  parameters at  fixed
intervals. After the stress reaches the peak value, at the next interval, the strain rate drops
leading to a lower value of peak stress at that point of time. Thus though the stress does
remain at the peak stress till the strain starts to recover, but this value of the peak stress
depends on the strain rate which changes at  every discretized point  of time.  Thus the
decrease in the computed stress value during the period when strains are still increasing is
not because the stresses are decreasing, but because the computed value of the peak stress
itself is decreasing.
Most  of  the  differences  between  the  two  derived  stress  time  curves  and  the
computed stress  time curve are  therefore ones which can be accounted for.  The FEM
computations for the stress are therefore very accurate when compared the values derived
from the experimental results. 
The peak tensile stress reached in all cases, as computed by the FEM, exceeded the
yield stress of steel. The ultimate stress value was fixed at 475MPa in the material model.
But this was for a static loading case. The strain rate effect was incorporated  within the
material model and therefore the ultimate stress would increase depending on the strain
rate achieved during the impact. The peak stress reached in the FEM computations seemed
to be inversely proportional to the thickness and the values were regressed onto a straight
line (Fig. 6.17):
pt = 754.28 – 7.25(t)                  (6.11)
where
pt is the peak tensile stress reached during the impact in MPa and
t is the thickness of the plate in mm.
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The R2 or coefficient of determination for this regression was 0.908 indicating a good fit
(Table 6.13).
Though the peak tensile stress value decreased with increase in thickness, it is only
because the stresses in all cases reached the ultimate stress for steel and this ultimate stress
value was defined to depend on the strain rate which in turn, as shown before, depended
on  the  thickness  of  the  plate.  Thus  this  trend  was  a  result  of  the  specific  material
parameters  chosen.  The  material  model  defined  the  ultimate  stress  to  be  directly
proportional to the strain rate:
The equation that establishes the relation between the peak stress and the strain rate which
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pt                (6.13)
where
pt is the peak tensile stress reached during the impact in MPa and
t is the thickness of the plate in mm.
However equation (6.11) established a linear relation between pt and t. It must be
therefore be kept in mind here that all these equations are based on regression. It is also
seen that even the thickest plate, the 50 mm plate, had in increase in ultimate stress value
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of  27% from the static stress strain curve. This implies a 27% increase in strength due to
the strain rate effect. The thinner plates had increase in strengths in excess of 40%. Such
high values of strength increase due to strain rate effects are not common in literature. But
this model computed the actual response very well in terms of the peak strains reached.
The average strain rate during the initial peaking of the strain from the strain time profile
was much lesser than that implied by the apparent increase in the ultimate stress value that
the model has calculated for the plates. This is because as mentioned earlier the FEM uses
the average strain rate value calculated over the entire thickness of the plate and not only
at the bottom of the plate. Points closer to the top of the plate in the section right below the
point of impact would experience a higher strain rate than the point at the bottom surface
where the strain gauges were fixed. In any case, more tests might be needed to confirm the
exact value of the coefficients but a decrease in strain rate and therefore the amount of
strength increase with an increase in steel plate thickness was clearly observed in this
analysis.
The residual compressive hoop stresses were almost the same for all plates (Table
6.8). The residual central stress however exhibited a peculiar trend. This value was 200
MPa for the 5 mm plate, increased to about 400 MPa for the 10 mm plates, and remained
at that value for the 15 and 20 mm plates, then decreased to about 250 MPa for the 25 mm
plate and then remained at this value for the remaining plates (Fig. 6.16). Though a subtle
change in trend, this is yet another indication of the 25 mm plate thickness as a thickness
that marks the transformation of thin plates into thick plates in terms of their behavioral
response to a hard local punch.
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6.8 Reaction force at the support
Pinned boundary conditions were assumed in the FEM and the reaction force at the
support at the edge of the plate was obtained from the simulation for each case. The peak
reaction force experienced at the edge decreased with increasing steel plate thickness (Fig.
6.17). Except for the peak force for the 5 mm plate, all other points seemed to fit on a
straight line :
fr = 89.5 – 0.38(t)   (6.14)
where
fr is the peak reaction force along the edge of the plate in kN
and t is the steel plate thickness in mm.
This drop in the peak reaction force at the edge of the plate specimen implies that the
shear sliding at  the edge of a thick plate is  less not  only due to the increase in shear
strength with increase in thickness, but also because of the decrease in the peak shear force
at the edge as well.
6.9 Composite plates
Attempts were made to try to model the sandwich plates that were tested in the
experiments  using  the  simple  FEM  developed  in  Chapter  5.  These  sandwich  plates
consisted  of  middle  plates  made  of  a  cementitious  material.  They  varied  in  the
composition  of  the  ingredients  and  also  in  strengths.  Some  of  the  plates  used  steel
reinforcement in the form of fibres or in the form of a wire mesh. However the matrix was
always cement  based and the composite material  was therefore more or less brittle  in
nature. While ABACUS does feature a comprehensive material model for concrete or such
brittle materials, the specific nature of the impact problem being considered in this thesis
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required a  very special  post  failure model.  This  was  because in  all  cases the  stresses
inflicted on the composite middle plate were well beyond the strengths of the materials
and therefore cracking or fracture was inevitable. However because of the restraints along
the sides provided by the frame, the composite plate was able to provide good compressive
resistance even after cracking. For middle plates without fibres, disintegration of the plate
and  even  pulverization  occurred.  While  this  meant  that  the  middle  plate  no  longer
contributed  towards  resisting  shear  or  bending  forces,  the  pulverized  material  still
provided  an  inertia  effect  due  to  its  mass  and  also  provided  compressive  resistance
because of the confinement. What complicated the analysis further is that none of these
middle plates were directly exposed to the impact and failure of the middle plate under any
criteria did not lead to failure of the entire sandwich plate because the two 5 mm steel
plates were by themselves capable of surviving the impact without tearing or fracturing. 
The  analysis  was  conducted  with  many versions  of  the  brittle  material  model
commonly used to represent concrete. The problem seemingly arises in the inability of the
model  to  recognize  any  contribution  from  the  middle  plate  beyond  the  point  of
pulverization. Extreme refinements of the material model for concrete and fibre reinforced
composites would be desired so as to simulate their behavior under such an impact. This
detailed modeling of the composite plate behavior beyond the middle plate failure was not
possible with the model developed here in for steel plates.
An engineering approximation is made in this section by comparing the strains registered
under  impact  by the  sandwich plates  to  the strains  registered by plain  steel  plates.  A
regression was conducted on the peak strains for single steel plates in section 6.2.1. The
following equations were obtained:
ln (p) = -3.31 – 0.035(t)                  (6.1)
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Or    
p = 0.036 e-0.035 t                     (6.2)
Peak strain values were also obtained for sandwich plates with various middle plates as
reported and discussed in Chapter 4. Each of these sandwich plates was made of two 5
mm steel plates and a 40 mm composite middle plate. Thus each sandwich plate consisted
of 10 mm of steel and 40 mm of a cementitious material. If comparisons were to be drawn
between the behavior of this sandwich plate and the behavior of single steel plates under
the same impact, and if the peak strains reached under the impact at the bottom of surfaces
of the specimens directly below the impact was used as the criteria for comparison then an
equivalent steel thickness could be established for each of the 40 mm middle plates tested
(Fig. 6.18).







    (6.15)
This equation gives the equivalent single steel plate thickness for a particular value of the
peak strain. If the peak strains registered by the sandwich plates were plugged into this
equation then the equivalent steel plate thickness can be calculated. The 40 mm middle
plate for each of these sandwich plates could thus be equated to an equivalent thickness of
steel (Table 6.9).
It is seen from this table that a 40 mm middle plate of normal grade 50 concrete with no
fibres performs under the impact as a 16 mm plate of steel would.  A 40 mm middle plate
of high strength concrete (grade 110) is equivalent to 21 mm plate of steel. As fibres are
introduced the equivalent steel thickness for a 40 mm middle plate increases. In fact a 40
mm plate of SIFCON is found to be equivalent to a 37 mm plate of steel and a 40 mm
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plate of ferrocement is found to be equivalent to a 38 mm plate of steel under this kind of
impact. This implies that if strains registered under a local punch were the criteria for
comparison,   SIFCON or  Ferrocement are  almost  as  strong as  mild  steel.  It  must  be
qualified that this inference is purely based on measurement of strains under the impact as
the  criteria  and  is  also  specific  to  a  local  punch.  Behavior  of  these  materials  under
different loading conditions or when assessed based on other criteria could possibly differ
from those presented here. Factors such as stress wave velocity, strain rate experienced
and material rate sensitivity would be expected play a significant role in such comparisons.
6.10 Conclusions
The finite element model developed in Chapter 5 was used to compute certain parameters
associated with the experimental testing of single and double steel plates. The model was
also used to compute the parameters on three additional single steel plates of thickness
30,40 and 50 mm respectively. Strains and residual deflections were the two parameters
available from the experimental explorations and therefore these were compared to the
computed results. The FEM was then also used to compute deflection time profile, stress
time profile and reaction forces at the edges for the all the plates. 
1. The model computed the peak strains under the impact with an accuracy of 91%
for the five experimental tests for which peak strain data was available.
2. The computation of the recovery from the peak strain was not very accurate. The
FEM computed the recovery for thick plates accurately but could not compute the
extreme amounts of recovery registered by thin plates. 
3. The FEM confirmed that the use of two steel plates recorded slightly higher strains
than one plate of equivalent thickness.
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4. The peak strains seemed to fit well onto a semi log scale when plotted against steel
plate thickness.
5. The time taken to reach peak strain in the laboratory experiments seemed to be a
linear function of the plate thickness. However this dependence of time to peak on
the thickness was not observed in the FEM computations.
6. The FEM computed the residual deflections with 90% accuracy. The FEM also
established an exponential relation between dent depth and steel plate thickness as
was already observed in the experimental results in Chapter 4.
7. The FEM computations for the stress time response were accurate when compared
to the stress time response derived from the experimental results. The peak stress
was a linear function of steel plate thickness. 
8. The stresses peaked to a positive (tensile) value and rebounded to settle at a final
compressive value. The peak stress occurred about 0.5 ms before the peak strain
occurred.
9. The reaction at the edge of the portion of the plate that was modeled was found to
be a linear and inverse function of the steel plate thickness as well. This implies
that the edge sliding shear force for thicker plates is lesser.
10. Engineering  approximations  of  equivalent  steel  thickness  for  the  cementitious
middle plates studied were made. Under a local punch kind of hard impact, the
behavior of SIFCON and Ferrocement was almost comparable to that of mild steel.
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5 - 0.0370 -
10 0.0286 0.0275 3.8
15 0.0195 0.0203 4.1
20 0.0167 0.0158 5.4
25 0.016 0.0131 18
Double Steel Plates
5 + 5 - 0.0284 -
10 + 10 0.0179 0.0160 10.6
Average % Error 9























5 - 0.0038 - 10
10 0.0239 0.0034 86 83 12
15 0.0115 0.0033 71 59 16
20 0.0055 0.0032 42 33 20
25 0.0028 0.0029 4 18 22
Double Steel plates
5-5 - 0.0034 -
10-10 0.0058 0.0032 45 32 14
Average % Error 49













5 + 5 - 0.0284 - 0.0047
10 + 10 0.0179 0.0160 0.0058 0.0032
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Table 6.4: Computed values for Peak, Residual and Recovery for Single Steel Plates
Steel plate Thickness Peak
Strain
Recovery Residual Strain
5 0.0366 0.0038 0.0332
10 0.0275 0.0034 0.0241
15 0.0203 0.0033 0.0170
20 0.0158 0.0032 0.0126
25 0.0131 0.0029 0.0102
30 0.0110 0.0026 0.0084
40 0.0096 0.0026 0.0070
50 0.0071 0.0019 0.0052
Table 6.5: Time to peak strain







S05 - - -
S10 0.865 1.615 1.867
S15 0.785 1.790 2.280
S20 1.315 1.450 1.102
S25 1.355 1.360 1.004
Double steel plates
S5-5 - - -
S10-10 1.545 1.790 1.159
Composite plates
SNC 1.950 2.500 1.282
SHSC 1.950 2.140 1.097
SFRC1 1.360 1.900 1.397
SFRC2 1.920 2.195 1.143
SFERHSC 2.000 2.000 1.000
SSIFHSC 1.860 2.145 1.153
SSIFCON 2.085 2.195 1.053
SFERRO
C 1.920 2.335 1.216
SSIFER 1.855 2.240 1.208
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10 0.0256 0.0072 72 0.009 0.0041 54
15 0.0154 0.0056 63 0.011 0.0031 72
20 0.0076 0.00495 35 0.004 0.0023 42
25 0.0075 0.0046 38 0.004 0.0013 67
Double steel plates
10+10 0.0085 0.0052 39 0.0053 0.0023 56
Average % Error 50 Average % Error 58















5 7.50 8.54 11.138 30
10 5.67 4.50 4.658 4
15 4.36 2.14 1.974 7
20 3.71 1.20 0.883 26
25 3.21 1.14 0.841 26
30 2.95 1.00 - -
40 2.60 0.95 - -
50 2.20 0.90 - -
Double steel plates
5+5 6.30 5.10 6.173 21
10+10 3.46 1.87 1.728 7
Average % Error 17
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5 780 -200 400 -200
10 640 -366 356 -224
15 650 -374 361 -200
20 570 -390 348 -200
25 560 -300 354 -130
30 530 -280 367 -30
40 500 -258 386 -160
50 390 -270 372 -300
Double steel plates
5+5 625 -410 366 -220
10+10 582 -328 278 -200
Note:
Negative stresses indicate compressive stresses.






(40 mm middle plate only)
SNC 0.0142 27.0 16.0
SHSC 0.0124 30.9 20.9
SFRC1 0.0118 32.3 22.3
SFRC2 0.0088 40.7 30.7
SFERHSC 0.0088 40.7 30.7
SSIFHSC 0.0093 39.1 29.1
SSIFCON 0.0070 47.2 37.2
SFERROC 0.0066 48.4 38.4
SSIFER 0.0062 50.7 40.7
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Table 6.10: Regression results (Peak strain against thickness)
                       Ordinary Least Squares Estimation                       
 Dependent variable is X3                                                      
 8 observations used for estimation from    1 to    8                          
 Regressor              Coefficient       Standard Error         T-Ratio[Prob] 
 X1                        -3.3115             .10062           -32.9108[.000] 
 X2                       -.035292           .0035644            -9.9011[.000] 
 R-Squared                     .94233   R-Bar-Squared                   .93271 
 S.E. of Regression            .14355   F-stat.    F(  1,   6)   98.0317[.000] 
 Mean of Dependent Variable   -4.1717   S.D. of Dependent Variable      .55339 
 Residual Sum of Squares       .12364   Equation Log-likelihood         5.3279 
 Akaike Info. Criterion        3.3279   Schwarz Bayesian Criterion      3.2484 
 DW-statistic                  .69449                                          
*    Test Statistics  *        LM Version        *         F Version          *
* A:Serial Correlation*CHSQ(   1)=   2.0223[.155]*F(   1,   5)=   1.6916[.250]*
*                     *                          *                            *
* B:Functional Form   CHSQ(   1)=   6.8749[.009]F(   1,   5)=  30.5513[.003]
*                     *                          *                            *
* C:Normality         CHSQ(   2)=   .83667[.658]       Not applicable       *
*                     *                          *                            *
* D:Heteroscedasticity*CHSQ(   1)=   .30313[.582]*F(   1,   6)=   .23630[.644]*
   A:Lagrange multiplier test of residual serial correlation                   
   B:Ramsey’s RESET test using the square of the fitted values                 
   C:Based on a test of skewness and kurtosis of residuals                     
   D:Based on the regression of squared residuals on squared fitted values    
 
Table 6.11: Regression results (Residual strain against thickness)
                       Ordinary Least Squares Estimation                       
*******************************************************************************
 Dependent variable is X3                                                      
 8 observations used for estimation from    1 to    8                          
*******************************************************************************
 Regressor              Coefficient       Standard Error         T-Ratio[Prob] 
 X1                        -3.4161             .11581           -29.4986[.000] 
 X2                       -.040187           .0041024            -9.7960[.000] 
*******************************************************************************
 R-Squared                     .94115   R-Bar-Squared                   .93135 
 S.E. of Regression            .16521   F-stat.    F(  1,   6)   95.9624[.000] 
 Mean of Dependent Variable   -4.3956   S.D. of Dependent Variable      .63054 
 Residual Sum of Squares       .16377   Equation Log-likelihood         4.2034 
 Akaike Info. Criterion        2.2034   Schwarz Bayesian Criterion      2.1240 
 DW-statistic                  .64232                                          
*******************************************************************************
*    Test Statistics  *        LM Version        *         F Version          *
*******************************************************************************
* A:Serial Correlation*CHSQ(   1)=   2.4152[.120]*F(   1,   5)=   2.1623[.201]*
*                     *                          *                            *
* B:Functional Form   *CHSQ(   1)=   6.2523[.007]*F(   1,   5)=  48.5001[.001]*
*                     *                          *                            *
* C:Normality         *CHSQ(   2)=   .84151[.657]*       Not applicable       *
*                     *                          *                            *
* D:Heteroscedasticity*CHSQ(   1)=  .095534[.757]*F(   1,   6)=  .072516[.797]*
*******************************************************************************
   A:Lagrange multiplier test of residual serial correlation                   
   B:Ramsey's RESET test using the square of the fitted values                 
   C:Based on a test of skewness and kurtosis of residuals                     
   D:Based on the regression of squared residuals on squared fitted values     
_
135
                                                                        Chapter6: Results of the Analytical Modeling
Table 6.12: Regression results (Dent depth against thickness)
                      Ordinary Least Squares Estimation                       
Dependent variable is X1                                                      
 8 observations used for estimation from    1 to    8                          
*******************************************************************************
 Regressor              Coefficient       Standard Error         T-Ratio[Prob] 
 X3                         1.8738             .16220            11.5522[.000] 
 X2                       -.045754           .0057458            -7.9630[.000] 
*******************************************************************************
 R-Squared                     .91356   R-Bar-Squared                   .89915 
 S.E. of Regression            .23140   F-stat.    F(  1,   6)   63.4095[.000] 
 Mean of Dependent Variable    .75850   S.D. of Dependent Variable      .72866 
 Residual Sum of Squares       .32127   Equation Log-likelihood         1.5081 
 Akaike Info. Criterion       -.49189   Schwarz Bayesian Criterion     -.57133 
 DW-statistic                  .95731                                          
*******************************************************************************
                               Diagnostic Tests                                
*******************************************************************************
*    Test Statistics  *        LM Version        *         F Version          *
* A:Serial Correlation*CHSQ(   1)=   1.5756[.209]*F(   1,   5)=   1.2262[.319]*
*                     *                          *                            *
* B:Functional Form   *CHSQ(   1)=   6.9446[.008]*F(   1,   5)=  32.9007[.002]*
*                     *                          *                            *
* C:Normality         *CHSQ(   2)=   .31038[.856]*       Not applicable       *
*                     *                          *                            *
* D:Heteroscedasticity*CHSQ(   1)=   .62396[.430]*F(   1,   6)=   .50756[.503]*
*******************************************************************************
   A:Lagrange multiplier test of residual serial correlation                   
   B:Ramsey's RESET test using the square of the fitted values                 
   C:Based on a test of skewness and kurtosis of residuals                     
   D:Based on the regression of squared residuals on squared fitted values     
_
Table 6.13: Regression results (Peak stress against thickness)
                       Ordinary Least Squares Estimation                       
*******************************************************************************
 Dependent variable is X3                                                      
 8 observations used for estimation from    1 to    8                          
Regressor              Coefficient       Standard Error         T-Ratio[Prob] 
 X1                       754.2775            26.6046            28.3514[.000] 
 X2                        -6.2524             .94246            -6.6952[.000] 
*******************************************************************************
 R-Squared                     .90800   R-Bar-Squared                   .89266 
 S.E. of Regression           36.9551   F-stat.    F(  1,   6)   59.2163[.000] 
 Mean of Dependent Variable  576.5000   S.D. of Dependent Variable    115.8509 
 Residual Sum of Squares       8643.5   Equation Log-likelihood       -39.2920 
 Akaike Info. Criterion      -41.2920   Schwarz Bayesian Criterion    -41.3715 
 DW-statistic                  2.1700                                          
*******************************************************************************
*    Test Statistics  *        LM Version        *         F Version          *
*******************************************************************************
* A:Serial Correlation*CHSQ(   1)=   .75834[.384]*F(   1,   5)=   .52360[.502]*
*                     *                          *                            *
* B:Functional Form   *CHSQ(   1)=   1.4706[.225]*F(   1,   5)=   1.1262[.337]*
*                     *                          *                            *
* C:Normality         *CHSQ(   2)=   .51002[.775]*       Not applicable       *
*                     *                          *                            *
* D:Heteroscedasticity*CHSQ(   1)=   3.3041[.069]*F(   1,   6)=   4.2217[.086]*
*******************************************************************************
   A:Lagrange multiplier test of residual serial correlation                   
   B:Ramsey's RESET test using the square of the fitted values                 
   C:Based on a test of skewness and kurtosis of residuals                     
   D:Based on the regression of squared residuals on squared fitted values    
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Figure 6.2: Introduced change in plastic and elastic modulus of steel in the computations
due to an assumed increase in strength at higher strain rates
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Figure 6.3b: Recovery trend when expressed as a percentage of the peak strain.
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p = 0.036 e-0.035 t  

















Figure 6.4b: Residual Central strains
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Figure 6.6: Hoop strains
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d = 27.1e -0.174t  
d = 6.51e-0.046t   
Figure 6.8: Residual Deflections
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Figure 6.10: Dent profiles 
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Figure 6.12: Probable stress strain curve during the impact.
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Figure 6.14: Derivation of the stress time profile from the strain time profile and the stress
strain curve
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Derived profile from measured strains
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Computed stresses (FEM)
Figure 6.15b: Derived and simulated stress time profile  (15 mm plate)
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Derived profile from measured strains
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Derived profile from measured strains
Derived profile from computed strains
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Figure 6.15d: Derived and simulated stress time profile (25 mm plate)
146














































fr = 89.5 – 0.38(t)  
Figure 6.17: Reaction Force against steel plate thickness
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p = 0.036 e-0.035 t  
Equivalent steel thickness for a SNC 
sandwich plate
Figure 6.18: Chart of equivalent steel plate thickness for sandwich plates
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CHAPTER 7
Conclusions
7.1 Review of present study
An instrumented impact test facility was used to conduct impact tests on single
steel plates and sandwich plates. The facility was capable of dropping a 40 kg mass from a
height of up to 4 meters.  The projectile was made of hard steel and was cylindrical in
shape with a hemispherical  nose head attached at the end. The speed reached prior to
impact was found to be 8 ms-1.
Sixteen specimens of varying geometry and composition were tested. Seven of these were
steel plates with no cementitious composites. Nine of the specimens were sandwich plates
having a 40 mm cementitious composite middle plate held in between two 5 mm steel
plates. The specimens were all square 300 mm by 300 mm. Six different materials were
chosen based on a preliminary study to be used as the composite in the sandwich plate.
Some of these were concrete without any reinforcement while some had reinforcement in
the form of steel fibres. 
The test frame was designed to give the specimen very high resistance against bending at
the time of the impact. The mode that absorbed most of the energy from the impact was
the local punching shear mode. A circular void was made within the testing frame to allow
the specimen to experience a local punch.
The instrumentation was mainly in the form of strain gauges attached to the bottom
surface of the specimens. Transducers were also used to measure the final dent shapes
after the impact on each of the specimens. Inferences and comparisons are made based on
the values obtained for these two parameters.
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The actual experiments were the simulated using a finite element software (ABACUS) for
the cases of steel plates. Detailed trial and error procedures were adopted to arrive at a
model that seemed to best describe the experimental results. This model was then used to
simulate all the laboratory tests on plain steel plates. Trends established by the laboratory
tests were re-examined by the simulations. Further trends for parameters like the stress and
reaction  forces  at  the  supports  that  were  not  obtained  directly  from  the  laboratory
experiments were explored using the model’s computations.
7.2 Conclusions
The following conclusions were drawn from the current study on the effect of a
localized hard lateral impact on steel and sandwich plates.
· The strains on the bottom surface of the steel plate right below the point of impact
rose to a peak value within the first millisecond after impact and then recovered
plastically to settle at a residual value within the next two milliseconds. This trend
was confirmed by the FEM analysis.
· As the plates got thicker both the peak strain and the plastic recovery dropped, but
this  change  relative  to  the  incremental  thickness  appears  to  decrease  as  the
thickness increases. 
· If a low peak strain was a measure of strength then the thickest plate would be the
strongest. However if performance under the impact were to be measured in terms
of the final residual strains, then the thinnest plate that registered strains values, the
10 mm plate, seemed to have the lowest residual strains after the impact. This is
because of a very high recovery from the high peak strain initially reached.
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· The FEM predictions predicted the laboratory results for the peak strains with very
good accuracy. The predictions for the residual strains were not as accurate. This
was because for thin plates the laboratory experiments registered an extremely high
amount of recovery which could not be replicated within the FEM. The predictions
for the recovery and therefore the residual strain were much more accurate as the
thickness of the steel plate got thicker.
· Two steel plates held together recorded higher strain values than a single steel plate
of equivalent thickness. This was confirmed by the FEM simulation.
· Peak  strains  fitted  well  on  a  semi-log  scale  when  plotted  against  steel  plate
thickness. The exact equation obtained by regression was:
      p = 0.036 e-0.035 t
However  the  coefficients  of  the  equation  would  be  specific  to  the
experiment conducted and would depend on the properties of the projectile and the
target. A general exponential relation of the form:
p =  e-t 
seemed to exist.
· The  time  taken  to  reach  peak  strains  increased  as  the  steel  plate  thickness
increased. This however was not observed in the FEM simulations. The time to
peak  strains  regressed  onto  a  straight  line  when  plotted  against  steel  plate
thickness:
      c = 0.57 + 0.028(t).
· Based on regression equations for the peak strain and also for time to peak strains,
an equation for the average strain rate achieved during this period of reaching the
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peak strain can be written. This strain rate therefore depends only on steel plate
thickness for a particular impact.
· Thin plates behaved differently from thick plates. They exhibited high amounts of
recovery and also registered very high dent depths due to shear sliding at the edges.
These  two  effects  could  not  be  replicated  within  the  FEM.  Thus  the  FEM
predictions were much more accurate for thicker plates. Specific to results obtained
in this experiment, it  was seen that the transformation from thin plates to thick
plates seemed to occur at a value of about 25 mm.
· Consistent with strain values an increase in steel plate thickness reduced the dent
depth. This  was also predicted by the FEM. The FEM predicted the  final dent
depths with good accuracy.
· When plotted against steel plate thickness there was again an exponential relation
exhibited by dent depths. This was confirmed by the FEM as well. While the exact
coefficients of the equation obtained from the laboratory results and from FEM
differed, both sets of results plotted on a semi-log scale. The laboratory data gave
rise to the following equation:
      d = 27.1e-0.174t
      while the FEM predictions gave rise to the following equation:
d = 6.41e-0.046t 
· The stress peaked to a positive (tensile) value and then recovered to settle at a final
negative (compressive) value. This more than 100 % recovery of stress did not
transform into an equivalent recovery in strain because the material had already
been stretched way beyond the elastic limit.
152
                                                                                                           Chapter7: Conclusions
· The  peak  stress  reached  under  such  an  impact  was  obtained  from  the  FEM
simulations. The time taken to reach peak stress was found to be always about 0.5
ms less than the time taken to reach peak strain at the point right below the point of
impact. Thus for a short period the stress is dropping from the peak value while the
strains are still increasing.
· The peak stress reached, when regressed against steel plate thickness plotted on a
straight line. The equation obtained was:
      pt = 754.28 – 7.25(t)               
· The reaction force registered at the supports was also obtained from the simulation
and this force decreased as the steel plate thickness increased :
      fr = 89.5 – 0.38(t)
· Middle  plate  without  fibres  broke  into  pieces.  Fibre  reinforced  middle  plates
cracked radially from the point of impact but remained in one piece. SIFCON and
Ferrocement middle plates did not even crack under the impact.
· An increase in volume fraction of fibres used in the middle plate decreased the
dent depths on both the top and bottom steel plates. Increase in amount of fibres
and also the length of fibres reduced the peak strains registered under the impact.
· Engineering  approximations  of  equivalent  steel  thickness  for  the  cementitious
composites were made. Under a local punch of the form investigated in this thesis
the behavior of SIFCON and Ferrocement was almost comparable to that of steel if
strain values were a criteria of comparison.
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7.3 Recommendations for further work
 The work reported in this thesis was primarily exploratory in nature. The intention
was to attempt to study the behavior of materials under an intermediate kind of impact
load that did not stretch the material all the way to fracture and therefore penetration.  The
focus  was  on  the  initiation  of  indentation.  An  experiment  designed  to  explore  such
behavior has lead to certain findings which have been summarized above. However, a lot
of specifically targeted work addressing individual issues highlighted in this thesis needs
to  be done to  further  this  attempt  to  understand material  behavior  under  a  hard local
punch.
Quiet a few equations defining trends for parameters such as the peak strain, peak stress,
time to peak strain, strain rate, reaction force, and dent depth have been established as a
function of the steel plate thickness. Each of these equations however has a coefficient
which obviously incorporates the dependence of the explored variable on parameters other
than the  steel  plate  thickness.  The projectile  shape, velocity and weight  were all  kept
constant throughout this experiment and further work on the effect of these parameters on
the performance of plates under such impact needs to be done. Such work could eventually
lead to the formulation of detailed equations incorporating more variables than the steel
plate thickness which is the only parameter used as the independent variable in this study.
A clear distinction in the performance of thin plates when compared to thicker plates was
identified in this thesis. A value of 25 mm was also identified as a value that seemingly
marked the transformation from thin plates to thick plates. However this value could have
been very specific to the experiments conducted here and this needs to be explored further.
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The exact reason for high recovery exhibited by thin plates needs to be investigated in
depth.
The shear sliding effect was apparent at the edges of the impacted portion. This could
clearly  be  seen  by  observing  the  thin  plates  after  the  impact.  The  effect  was  more
pronounced in thin plates. This lead to an increase in the dent depth but it did not seem to
affect the strains right below the point of impact. This effect was also not modeled by the
FEM  in  this  thesis  because  the  FEM  was  restricted  to  the  impacted  portion  of  the
specimen only. An attempt could therefore be made to incorporate the entire testing frame
and the test rig within the FEM and model the entire specimen with boundary conditions
between fixed and pin conditions. A detailed model of this nature could then be used to
study the effect of shear sliding at the edges of the impact.
Both the amount of fibres and the length of fibres were identified as factors affecting the
performance  under  this  kind  of  impact.  Isolation  of  each  of  these  factors  to  better
understand how each of them contributes to the apparent increase in resistance to impact
as observed in this work needs to be done.
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Coarse aggregate grading (before washing)
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Percentage passing, washed and unwashed coarse aggregates



















Fine aggregate grading curve
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Residual strain (5 mm plate)
166
































Residual strain (10 mm plate)
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Residual strain (15 mm plate)
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Residual strain (20 mm plate)
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Residual strain (25 mm plate)
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Residual strain (30 mm plate)
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Residual strain (40 mm plate)
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Residual strain (50 mm plate)
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Residual strain (5 + 5 mm plate)
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Residual strain (10 + 10 mm plate)
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10 mm steel plate
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20 mm steel plate
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30 mm steel plate
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50 mm steel plate
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10+10 double steel plate specimen
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10 mm steel plate
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20 mm steel plate
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30 mm steel plate
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50 mm steel plate
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10+10 mm double steel plate specimen
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10 mm steel plate
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20 mm steel plate
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30 mm steel plate
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50 mm steel plate
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10+10 mm double steel plate specimen
199
                                                                                     Appendix F:Strain values for all tests
Specimen Test 1 Test 2 Test 3 Average
Single Steel Plates
S05 - - - -
S10 0.0286 0.0285 - 0.0286
S15 0.0198 0.018 0.0192 0.0195
S20 0.0168 0.0167 - 0.0167
S25 0.0158 0.0161 - 0.016
Double Steel Plates
S5-5 - - - -
S10-10 0.0179 0.0158 0.0179 0.0179
Sandwich Plates
SNC 0.0142 0.0142 0.0142
SHSC 0.0123 0.0124 0.0124
SFRC1 0.0116 0.0119 0.0118
SFRC2 0.0088 0.0078 0.0088 0.0088
SFERHSC 0.009 0.0086 0.0088
SSIFHSC 0.0093 0.0093 0.0093
SSIFCON 0.007 0.0069 0.007
SFERROC 0.0067 0.0065 0.0066
SSIFER 0.0061 0.0062 0.0062
     Peak strain values (Central strains)
Specimen Test 1 Test 2 Test 3 Average
Single Steel Plates
S05 - - - -
S10 0.0047 0.0047 - 0.0047
S15 0.0079 0.0065 0.008 0.008
S20 0.0113 0.0111 - 0.0112
S25 0.0132 0.0132 - 0.0132
Double Steel Plates
S5-5 - - - -
S10-10 0.012 0.01 0.0122 0.0121
Sandwich Plates
SNC 0.01 0.01 0.01
SHSC 0.0073 0.0077 0.0075
SFRC1 0.0075 0.0073 0.0074
SFRC2 0.0057 0.005 0.0057 0.0057
SFERHSC 0.0056 0.0055 0.0056
SSIFHSC 0.0061 0.0065 0.0063
SSIFCON 0.0058 0.0058 0.0058
SFERROC 0.0055 0.0057 0.0056
SSIFER 0.0051 0.0049 0.005
    Residual strain values (Central strains)
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                                                                                     Appendix F:Strain values for all tests
Specimen Test 1 Test 2 Test 3 Average
Single Steel Plates
S05 - - - -
S10 0.0253 0.0259 - 0.0256
S15 0.0151 0.0130 0.0157 0.0154
S20 0.0077 0.0075 - 0.0076
S25 0.0075 0.0075 - 0.0075
Double Steel Plates
S5-5 - - - -
S10-10 0.0084 0.0080 0.0086 0.0085
Sandwich Plates
SNC 0.0098 0.0094 0.0096
SHSC 0.0093 0.0099 0.0096
SFRC1 0.0080 0.0082 0.0081
SFRC2 0.0084 0.0070 0.0081 0.0082
SFERHSC 0.0074 0.0074 0.0074
SSIFHSC 0.0083 0.0085 0.0084
SSIFCON 0.0062 0.0060 0.0061
SFERROC 0.0059 0.0059 0.0059
SSIFER 0.0054 0.0054 0.0054
           Peak strain values (Hoop strains)
Specimen Test 1 Test 2 Test 3 Average
Single Steel Plates
S05 - - - -
S10 0.0089 0.0091 - 0.009
S15 0.0108 0.0080 0.0113 0.011
S20 0.0040 0.0040 - 0.004
S25 0.0041 0.0041 - 0.0041
Double Steel Plates
S5-5 - - - -
S10-10 0.0052 0.0035 0.0052 0.0053
Sandwich Plates
SNC 0.0070 0.0068 0.0069
SHSC 0.0070 0.0074 0.0072
SFRC1 0.0053 0.0055 0.0054
SFRC2 0.0055 0.0048 0.0054 0.0054
SFERHSC 0.0048 0.0048 0.0048
SSIFHSC 0.0055 0.0057 0.0056
SSIFCON 0.0049 0.0049 0.0049
SFERROC 0.0050 0.0050 0.005
SSIFER 0.0044 0.0044 0.0044
                     Residual strain values (Hoop strains)
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